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Background: Current vestibular assessments typically focus on isolated 
reflex pathways, failing to reflect the integrative nature of balance control. 
Consequently, clinical results often do not align with patient-reported symptoms 
or functional limitations in daily life.
Objective: To develop and present a comprehensive multimodal protocol for 
assessing functional impairments in patients with unilateral vestibulopathy (UV) 
and bilateral vestibulopathy (BV) using wearable sensors and ecologically valid 
daily-life tasks.
Methods: We designed a protocol combining nine inertial measurement units 
(IMUs), eye-tracking glasses, and plantar pressure insoles to assess participants 
during 15 standardized tasks reflecting daily activities. Tasks were selected 
through literature review, validated questionnaires (DHI, VADL), and patient 
interviews. The protocol is conducted in a semi-naturalistic rehabilitation facility 
environment to maximize ecological validity while maintaining standardization. 
We tested feasibility with 60 participants (20 UV, 20 BV, 20 healthy controls).
Protocol outcomes: The protocol successfully demonstrates feasibility 
across all sensor modalities and task categories. In this paper we describe the 
methodology used for task selection, the results of task performance in people 
with unilateral and bilateral vestibulopathy and healthy controls, and the sensor 
methodology (inertial measurement units, eye-tracking glasses, plantar pressure 
insoles). Analysis of sensor data will be presented in future papers.
Conclusion: This protocol provides a patient-centered, ecologically valid 
framework for quantifying vestibular-related functional impairments beyond 
traditional laboratory settings. The methodology bridges the gap between 
clinical vestibular testing and lived patient experiences, enabling objective 
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assessment of real-world mobility challenges for personalized rehabilitation and 
treatment monitoring.
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vestibulopathies, wearable sensors, ecological assessment, daily living tasks, 
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pressure insole

Introduction

Background

The vestibular system, located in the inner ear, is a 
multidimensional motion sensor, mainly responsible for balance, 
commonly referred to as the “6th sense.” Severe impairments of the 
vestibular system dramatically affect quality of life (1–5) resulting 
in a wide variety of significant functional limitations including 
chronic instability, impaired visual acuity during movement (6), 
altered environmental/self-perception, or abnormal spatial 
orientation (7–9). Vestibular deficits make some tasks of daily 
living challenging or even impossible to perform, triggering 
imbalance and falls (10–12) especially in older populations (13, 14) 
and have been associated with cognitive impairments and reduced 
hippocampal volume due to altered vestibulo-hippocampal 
integration (5, 6). Moreover, as vestibular function works 
unconsciously, severe bilateral vestibulopathy (BV) transforms 
automatically executed tasks into conscious, tiring, efforts. This is 
worrying considering that functional deficits of the peripheral 
vestibular system are disabling and prevalent, affecting 15 to 35% 
of the adult population according to recent estimates (1, 2, 15). The 
clinical follow-up of vestibulopathies remains a challenge and 
despite the significant burden imposed by these deficits, current 
clinical assessments are limited in scope. Indeed, they primarily 
focus on isolated vestibulo-ocular and vestibulo-spinal reflexes 
(VOR and VSR, respectively), often measured in laboratory 
environments that fail to replicate the complex demands of daily 
activities (10, 14, 15). The vestibulo-spinal system encompasses 
both the medial vestibulo-spinal pathway (responsible for 
vestibulo-collic reflexes and head stabilization) and the lateral 
vestibulo-spinal pathway (responsible for postural stabilization). 
These tests do not capture the multisensory integration and 
context-dependent adaptations required for functional balance 
control (8, 15), and therefore their outcomes correlate poorly with 
both patient-reported symptoms and perceived handicap (14, 16). 
As there is unfortunately no curative treatment nowadays for 
peripheral vestibulopathies, chronic unsteadiness, the most 
frequent symptom, should be a high priority intervention target to 
improve quality of life. Emerging wearable technologies—such as 
inertial measurement units (IMUs), eye-tracking glasses, and foot 
pressure sensors—offer promising avenues to quantify dynamic 
stability and gaze behavior in ecologically valid conditions. These 
tools allow to assess balance and movement patterns during daily-
life tasks, providing objective metrics that could serve as relevant 
ones of functional impairment (16–18). Their use may significantly 
enhance diagnostic precision, enable remote monitoring, and 
better inform rehabilitative strategies for patients with 
vestibular loss.

Prior work

Laboratory-based studies of functional 
impairments in vestibulopathy

Previous research on functional impairments in 
vestibulopathies largely focused on specific sensorimotor deficits 
assessed in controlled laboratory settings. Most studies investigated 
balance and gait performance using traditional tools such as force 
platforms, clinical balance tests, or spatiotemporal gait analysis 
under constrained conditions. Patients with bilateral 
vestibulopathy (BV) and unilateral vestibulopathy (UV) show 
marked alterations in postural control and locomotion due to 
impaired integration of vestibular input with proprioceptive and 
visual cues (19, 20).

Patients with BV exhibit significant deficits in dynamic stability, 
particularly under challenging conditions such as eyes closed, 
concomitant to head movements, or dual tasking. Spatiotemporal gait 
parameters frequently altered in this population include reduced 
walking speed, increased stride time variability, increased base of 
support, and high medio-lateral trunk sway (10, 21, 22). Several 
dynamic stability biomarkers have been identified in wearable-sensor 
studies, including increased angular jerk, high root mean square 
(RMS) of acceleration and angular velocity, and altered harmonic 
ratios indicating irregular gait patterns (23–25). These parameters 
reflect the need for compensatory mechanisms in the absence of 
reliable vestibular input, and correlate with fall risk (26–28).

Similarly, UV patients demonstrate altered postural control and 
gait asymmetries, especially during head movements or turns (29). 
While compensation occurs to a greater extent in UV than in BV, 
residual instability persists in many patients during dynamic tasks, 
particularly in low-light or visually conflicting environments (30).

In recent studies, our group has contributed to the identification 
of robust gait and postural metrics using advanced laboratory tools, 
being among the few to directly compare both BV and UV 
populations. Corre et al. (19) employed the Central Sensorimotor 
Integration (CSMI) test to show that BV and UV patients have altered 
sensory reweighting strategies, with BV patients displaying an 
increased reliance on proprioceptive input and reduced use of visual 
cues under dynamic surface conditions. These altered sensory weights 
distinguished vestibular patients from healthy control subjects with 
high sensitivity. In parallel, Grouvel et al. (20) and Boutabla et al. (31) 
demonstrated that both BV and UV patients show reduced gait speed 
and stride length, with BV patients also exhibiting significantly 
increased gait variability (GaitSD) and poorer performance on clinical 
tests such as the Functional Gait Assessment (FGA) and Tandem 
Walk. Additionally, Grouvel et  al. demonstrated altered head 
stabilization strategies in BV patients, where the head is stabilized 
relative to the trunk rather than in space, reflecting compensatory 
adjustments in sensorimotor control.
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Studies in realistic settings
Despite these laboratory advances, few studies have directly 

evaluated functional motor behavior during actual real-life tasks. 
Among these, Mijovic et al. (29) stands out as a pioneering study using 
wearable sensors to assess head kinematics in a daily-life setting. They 
demonstrated that vestibular schwannoma patients with documented 
postoperative UV present a distinct “motion fingerprint” in daily 
activities, particularly during head movements. However, their 
analysis was limited to head movements and did not include whole-
body motor control, gait parameters or eye movements. Moreover, this 
study focused exclusively on patients with chronic UV, while it is now 
well established that patients with BV experience more severe and 
persistent functional impairments. BV patients typically exhibit 
greater postural instability (10), higher fall risk (21), poorer gait 
performance and adaptation (24, 25), and report significantly higher 
handicap and reduced quality of life compared to UV patients (4, 11). 
Consequently, studies assessing real-life functional deficits in this 
more severely affected population are critically needed to better 
understand their mobility limitations and guide personalized 
rehabilitation strategies.

While earlier studies such as Wuehr et al. (24) and Schniepp et al. 
(21) laid important groundwork by using mobile systems to quantify 
gait variability and coordination in BV patients, these approaches now 
serve primarily as methodological references. These foundational 
findings have since inspired more technologically integrated and 
ecologically focused assessment protocols (25, 27, 32).

Sensor technologies tested and gaps in current 
approaches

The use of wearable inertial measurement units (IMUs) and 
pressure insole sensors in ecological settings has gained increasing 
attention, as it allows for the identification of objective functional 
biomarkers directly translatable to clinical practice and rehabilitation 
monitoring. For example, Jabri et al. (33) explored multi-sensor gait 
analysis in patients with vestibular hypofunction. However, their study 
was limited to a six meters walkway and did not include tasks 
simulating activities of daily living in a semi-naturalistic environment. 
Furthermore, these findings, while important, are mostly derived from 
highly controlled laboratory settings and may not fully represent real-
world mobility demands. They do not account for environmental 
unpredictability, attentional shifts, or multitasking inherent to daily 
life. Thus, despite the availability of objective laboratory biomarkers of 
dysfunction, the ecological validity of these findings remains limited.

A notable gap in current assessment approaches is the absence of 
comprehensive eye movement analysis during functional tasks. Eye 
movements, often overlooked in functional assessments, are critical 
for maintaining visual stability and orientation, and may serve as 
sensitive markers of impairment when assessed alongside postural and 
locomotor behavior in daily-life scenarios (34–36). To our knowledge, 
no previous study has comprehensively integrated wearable inertial 
sensors, eye-tracking, and plantar pressure analysis for the functional 
assessment of UV and BV patients under ecological conditions.

Scientific gaps addressed and clinical relevance
Based on these results, it appears highly relevant to design an 

assessment protocol that goes beyond conventional gait analysis by 
capturing whole-body movements in more naturalistic conditions, 
evaluating the whole spectrum of vestibulopathy (uni- and bi-lateral). 

Given the central role of head stabilization in vestibular 
compensation—as well as the interplay between head and eye 
movements for gaze control and navigation—particular attention 
should be  paid to the dynamics of head motion and oculomotor 
behavior during functional tasks.

Moreover, in recent interventions such as vestibular implants (11, 
37) and noisy galvanic stimulation (38–41), quantifiable gait and 
balance metrics appear important to quantify the benefit of the 
treatment. Despite these advances, to our knowledge, there remains a 
lack of comprehensive multimodal studies assessing the full-body 
motor patterns of vestibular patients during tasks mimicking daily life, 
including transitions, obstacle negotiation, dual tasks and gaze tasks. 
Our study addresses this gap by combining wearable IMUs, 
eye-tracking, and foot pressure insoles in a structured battery of real-
life tasks.

Task-set selection
To establish a challenging yet ecologically valid and achievable 

set of tasks reflecting the daily-life difficulties encountered by patients 
with vestibular loss, we developed our task set through an iterative, 
multi-source selection process combining existing literature, 
validated clinical tools, and direct patient input. We initially referred 
to the work of Mijovic et al. (29) which represents, to our knowledge, 
the only prior study using wearable sensors to assess vestibular 
patients in a daily-life setting. They demonstrated that head motion 
patterns during daily-life activities differ significantly in patients with 
chronic UV compared to healthy control subjects and proposed that 
such motion “fingerprints” can be used for functional assessment. 
However, their study focused exclusively on chronic UV patients (not 
BV), assessed only head kinematics (not whole-body movements, 
gait, or eye movements), and included 10 tasks that served as our 
initial foundation but required substantial adaptation and expansion 
for our broader objectives. Additionally, items were extracted from 
the validated French versions of the Vestibular Disorders Activities 
of Daily Living Scale (VADL) (42) and the Dizziness Handicap 
Inventory (DHI) (43), both of which are widely used to quantify the 
impact of vestibulopathies on autonomy and perceived handicap. 
These instruments provided a patient-reported framework of 
activities that individuals with vestibular loss find challenging in 
daily life.

To complement this theoretical framework and ensure that the 
selected tasks were meaningful from a patient-centered perspective, 
we conducted semi-structured interviews with three patients suffering 
from severe BV. These patients were selected based on the severity of 
their symptoms and their long-standing clinical follow-up, which 
allowed for rich experiential feedback. Critically, these interviews 
revealed that several daily activities they found most challenging were 
not included in Mijovic’s original task set, leading to the addition of 
tasks specifically relevant to BV patients (e.g., walking in the dark—
requiring heavier reliance on vestibular and proprioceptive input 
single; negotiating a stepladder—requiring foot placement precision 
on narrow steps; carrying a tray with water—requiring smooth upper 
body control; walking on a narrow wood beam—i.e., with a reduced 
base of support). Conversely, some tasks from Mijovic et al. or initially 
considered by our team were deemed less relevant, too easy, or 
logistically problematic, and were subsequently excluded (see 
Supplementary Table  2 for complete list of discarded tasks and 
rationale). Their contributions helped us identify which daily activities 
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were perceived as most challenging and limiting. This approach 
ensured that our task selection not only aligned with existing 
assessment scales but also addressed daily life limitations reported by 
BV and UV patients themselves, as recommended in participatory 
design methodologies in rehabilitation science (23).

The final set consisted of 15 tasks, classified into three levels of 
difficulty (easy, intermediate, difficult). The activities were designed to 
cover a broad spectrum of balance demands, including transitions, 
gait, dual-tasking, and obstacle negotiation, thereby increasing 
sensitivity to subtle impairments in motor control and gaze 
stabilization. The final 15-task set therefore represents a synthesis of: 
(1) literature foundation from Mijovic et al. adapted to our broader 
objectives, (2) items from validated clinical instruments (DHI, VADL), 
(3) direct patient input identifying gaps and confirming relevance 
particularly for BV patients, and (4) iterative refinement through 
multiple rounds of review and pilot testing. The task set was not 
defined from the outset; instead, it resulted from an iterative selection 
process during which several versions were tested, reviewed, and 
refined to ensure relevance, feasibility, and complementarity. Tasks 
were evaluated based on their ecological validity, their ability to 
challenge vestibular-related postural control, and their compatibility 
with the constraints of the hospital setting. The task list is presented 
in Table 2. Tasks initially considered but ultimately excluded due to 
ethical, logistical, or participant-related reasons are documented in 
Supplementary Table 2 along with the rationale for each exclusion 
decision, providing transparency regarding the iterative 
refinement process.

Choice of the environment
To maximize ecological validity while ensuring logistical feasibility 

and safety, we initially considered multiple locations. We ultimately 
selected the rehabilitation facility of Beau-Séjour Hospital (Geneva 
University Hospitals, Geneva, Switzerland) for several key reasons. This 
facility—commonly referred to as a rehabilitation track—is a specialized 
assessment and training environment designed for functional 
rehabilitation of patients before discharge home. It is typically used by 
physical therapists and occupational therapists to rehabilitate patients 
who have experienced strokes, amputations, traumatic injuries, or 
prolonged hospitalization resulting in reduced mobility. The facility is 
specifically equipped with real-world environmental features and 
challenges that patients will encounter in daily life: residential stairs 
(both straight and spiral configurations), ramps of varying inclines, 
uneven surfaces including cobblestones, household furniture and 
appliances (kitchen counters, beds, chairs), doorways, narrow passages, 
and other obstacles simulating home and community environments. 
This rehabilitation facility was particularly well-suited for our study for 
several reasons. First, it authentically simulates the diversity of postural 
challenges encountered in daily life rather than providing the artificial, 
uniform surfaces typical of laboratory settings. The variety of terrains 
and supports closely replicates real-world conditions—stairs, ramps, 
uneven ground, household items—allowing assessment of functional 
capacity in ecologically valid contexts. Second, its central location in 
Geneva facilitated easier access for both participants and the research 
team, and was more practical logistically, particularly given the amount 
of equipment that had to be transported and set up. Finally, the chosen 
track provided a large and versatile space, allowing participants to 
perform a wide variety of tasks independently, which reduced social 
pressure and stress during testing (access was limited to participants 

and the research team). This type of hybrid setup (semi-standardized 
but in a daily life setting) aligns with recent calls for “ecological 
assessment” frameworks in vestibular research, which emphasize the 
importance of contextualizing sensorimotor function beyond the 
laboratory (32).

Pilot tests with patients and control subjects
Finally, to ensure both the feasibility of the protocol, regarding 

time needed to complete the set, its difficulty, and the pertinence of 
the chosen tasks, 3 BV patients and 3 Healthy Subjects (HS) executed 
the complete protocol before launching the study.

Aim
This protocol combines the use of wearable sensors, including 

IMUs, eye-tracking glasses, and foot pressure insoles, to capture the 
dynamic balance and gaze behavior of BV and UV patients compared 
to HS. All sessions were video recorded. Fifteen daily-life tasks were 
used to challenge postural stability and assess gaze patterns. The 
specific aims of this manuscript are to:

	 1	 Demonstrate the feasibility of applying multimodal wearable 
sensors (IMUs, eye-tracking, pressure insoles) during 
ecologically valid tasks in patients with vestibular loss, 
documenting technical challenges and data quality achieved.

	 2	 Present task completion patterns across groups, documenting 
which tasks could be performed by all participants versus those 
representing functional limitations particularly in bilateral 
vestibulopathy patients.

	 3	 Characterize demographic and clinical profiles (DHI, SF-36) of 
the study population to establish baseline vestibular-related 
handicap and quality of life.

	 4	 Provide comprehensive sensor methodology to enable 
reproducibility and inform future analytical papers examining 
sensor-derived biomarkers of functional impairment.

Ultimately, this feasibility study establishes that multimodal 
wearable sensor assessment during daily-life tasks is implementable in 
patients with vestibular loss, identifies which tasks are achievable versus 
prohibitively challenging, and provides the methodological foundation 
for subsequent analyses of movement, gaze, and pressure patterns.

Methods

Study design

This prospective study was conducted in accordance with the 
principles of the Declaration of Helsinki and was approved by the 
Cantonal Commission for Research Ethics of Geneva (BASEC-ID: 
2024–02394). Written informed consent was obtained from all 
participants and data are being processed confidentially in compliance 
with applicable ethical standards.

Participants

The study population consisted of 44- to 83-year-old adults, 
divided into 3 groups, namely patients suffering from either uni or 
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bilateral vestibulopathy (UV and BV groups, respectively) and 
healthy subjects (HS, control group). The assessments were 
performed at the Beau-Séjour rehabilitation facility. Patients were 
recruited from the outpatient consultations of the otoneurology unit 
of the Geneva University Hospitals (HUG) and Lausanne University 
Hospital (CHUV). The BV group encompassed individuals suffering 
from severe BV, diagnosed in agreement with the consensus criteria 
of the Barany Society (31). Briefly, diagnostic criteria for BV included 
unsteadiness and/or oscillopsia during walking or head movements, 
and a reduced bithermal caloric response (sum of bithermal maximal 
peak slow-phase velocity < 6°/s bilaterally) and/or bilaterally reduced 
video head impulse test (vHIT) gains < 0.6. The UV group included 
individuals presenting a unilateral deficit for at least 6 months, 
documented by vHIT gain values below 0.6 for the lateral semicircular 
canal of the affected ear, and vHIT gain values above 0.8 in the other 
ear. UV patients were recruited at least 6 months after acute 
symptoms. Finally, all HS presented normal vHIT gain values for all 
semicircular canals (vHIT gain values above 0.8). The exclusion 
criteria for all groups were the presence of psychiatric disorders, 
stigmata of vascular dementia, blindness, obesity, or recent (less than 

a year) hip prosthesis or knee replacement. All study participants 
were over 18 years of age. All participants included in our study 
provided written informed consent. Demographic variables (age, sex, 
height, body mass index) and etiology were documented for all 
participants. Clinical characterization included standardized 
questionnaires assessing vestibular-related handicap (Dizziness 
Handicap Inventory, DHI) and health-related quality of life (SF-36 
Health Survey) as described in the Questionnaires section below. 
Between-group comparisons of demographic variables were 
performed to confirm adequate matching of the three groups. 
Complete demographic and clinical characteristics are presented in 
Table  1. At the beginning of each session, participants were 
systematically asked about their current physical state, including 
whether they were experiencing any pain, discomfort, or other 
factors that might affect their ability to perform the tasks safely. This 
informal screening allowed identification of acute issues, though 
we acknowledge that chronic musculoskeletal conditions such as 
arthritic joint pain were not systematically assessed using 
standardized pain questionnaires or documented through 
comprehensive medical history review.

TABLE 1  Main demographic and anthropomorphic characteristics of the sixty patients included in this study.

Healthy subjects 
(HS)

Unilateral 
vestibulopathy (UV)

Bilateral vestibulopathy 
(BV)

Statistics (groups 
comparison) p 

values*
Participant number (N) 20 20 20 –

Sex (N)

  Female 10 10 12 –

  Male 10 10 8 –

Age: years, mean (SD) 57.9 (5.3) 59.5 (5.5) 60.7 (11.5) 0.557

Range 45–65 46–66 44–83

Height: cm, mean (SD) 172.1 (8.4) 173.4 (10) 168.3 (8.6) 0.192

BMI: kg/m2, mean (SD) 24.3 (4.1) 24.7 (3.4) 25.3 (3.5) 0.711

Etiology (N)

  Idiopathic 5 14

  Meniere’s disease 2 1

  Schwannoma 9 1

  Traumatic 2 0

  Ototoxic 0 3

  Zona 1 0

  Cyst 1 0

  Cogan 0 1

  DHI N/A 28 (17) 48 (19) < 0.001

SF-36

  MCS 48.5 (15.4) 40.1 (15.4) 43.2 (11.2) 0,134

  PCS 52.7 (9.6) 50.1 (9.2) 39.8 (12.2) HS-BV < 0.001; UV-BV 0.037; 

HS-UV: 0.537

Data are presented as mean (standard deviation) for continuous variables and counts for categorical variables. Statistical comparisons: Between-group differences for continuous variables (age, 
height, BMI) were assessed using one-way ANOVA. DHI scores were compared between UV and BV groups using independent samples t-test. SF-36 component scores (MCS, PCS) were 
compared across the three groups using Kruskal-Wallis test due to non-normal distribution, with post-hoc pairwise comparisons performed using Dunn’s method when overall significance 
was detected. A p-value <0.05 was considered statistically significant. For PCS, pairwise comparisons revealed significant differences between HS-BV (p < 0.001) and UV-BV (p = 0.037), but 
not between HS-UV (p = 0.537). Abbreviations: SD, standard deviation; BMI, body mass index; DHI, Dizziness Handicap Inventory; SF-36, Short Form-36 Health Survey; MCS, Mental 
Component Score; PCS, Physical Component Score; N/A, not applicable.
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TABLE 2  Description of the 15 tasks included in the protocol.

Task Description Materials Challenge

1-Bed The participant lays flat on the bed; then sits up and finally stands up. Flat examination 

table

Whole body movements

Dynamic balance

2-Pants Standing up and without external support, the participant puts a pair of loose pants one 

leg at a time and then takes it off.

XL scrubs Reduction of base of 

support

Shifting of CoM

3-Shoes The participant takes off and puts back on a pair of sports shoes without sitting or 

kneeling.

Standardized sport 

shoes at the subject 

size

Reduction of base of 

support

Head motion

4-Sorting The participant sorts plastic dishes from a storage box into a shelving unit according to 

color and size.

4 × 4 shelving unit

3 plastic cups, bowl 

and plates of 5 

different colors (total 

45)

Rapid head movement

5-Heavy load The participant carries a fully loaded bucket (5 kg) on one hand while walking on a 

straight line, turns around, changes the bucket to the other hand and comes back to the 

departure point (20 m round trip).

Loaded bucket (5 kg) Shifting CoM

(Continued)
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TABLE 2  (Continued)

Task Description Materials Challenge

6-Bus The participant calls a mock bus, gets in, sits down, calls a stop, and gets off. Mock bus Whole body movements

Dynamic balance

7-Stairs up Down The participant goes up 8 consecutive straight stairs and then down 6 consecutive spiral 

stairs without holding to the handrail (if possible).

7 consecutive stairs Shifting CoM

8-Uneven grounds The participant walks on a paved, rugged road (15 m). 15 m of an uneven 

ground, preferably 

cobbled road

Walking on unstable 

ground (modification of 

proprioceptive inputs)

9- Stepladder The participant climbs 5 steps of a ladder then walks back down. 5 steps ladder, with 

8 cm width steps, 

21.3 cm spaced from 

each other

Modification of feet 

proprioception

Dynamic balance

10-Tray The participant carries a glass of water on a tray over 12 m without dropping it. 1 standard cafeteria 

tray and a glass of 

water (250 mL)

Dynamic balance

(Continued)
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Task Description Materials Challenge

11-Walk The participant walks on a straight 12 m line at their most comfortable pace.

12-Wood Beam The participant walks on a 5 m narrow wood beam (50 cm wide), turns around and comes 

back.

Wood beam, 5 m 

long and 50 cm width

Reduction of base of 

support

Dynamic balance

13-Uphill Down Participant walks over & down a 150 elevation ramp with eyes open/closed without 

holding to the ramp

Ground elevation (2 

sets of 15 degrees 

elevation over 2 

meters)

Modification of feet 

proprioception

Absence of visual inputs

14-Picture recognition Three photographs depicting everyday life scenes are mounted on the window surfaces of 

the experimental room (1 m separation between them). The participant is instructed to 

walk along a straight 10-meter pathway, turning at the end to return to the starting point 

(total distance per trial: 20 meters). While walking, the participant observes the displayed 

images. Upon completing the walking task, the participant is asked to verbally describe the 

pictures in as much detail as possible.

Large set (for 

randomization) of A4 

printed and 

plasticized pictures

Dual Task

TABLE 2  (Continued)

(Continued)
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Sample size

Using data from a recently published study by our group (34), 
we calculated the sample size required to detect significant differences 
between the three groups (power 0.95, α 0.05). In this previous 
laboratory study comparing the same three populations (BV, UV, and 
HS), we identified walking speed during comfortable gait as a robust 
discriminating parameter between groups. The observed values were: 
BV: 1.09 ± 0.22 m/s, UV: 1.05 ± 0.17 m/s, HS: 1.29 ± 0.09 m/s. Sample 
size calculation was performed using G*Power (35) software with a 
one-way ANOVA to compare the three groups. Based on these 
walking speed differences; the analysis yielded an effect size f = 0.31 
and indicated a required sample size of 16 participants per group to 
achieve 95% power. For additional statistical robustness, we aimed for 
20 participants per group.

Data collection

Task description
The 15 tasks of the set were performed in the order displayed in 

Table 2. Each task was designed to reflect a specific aspect of functional 
mobility commonly challenged in individuals with vestibular loss. The 
table outlines the name of each task, the description of the task, the 
materials required for setup, and the specific balance-related challenge 
it was intended to elicit (e.g., dynamic stability, dual-tasking, 
proprioceptive demand, reduced visual input). The specific instruction 
provided to the participant is presented in Supplementary Table 1.

Procedure
The data were collected over one single session of approximately 

1 h duration per participant. All sessions were supervised by two 
operators: one who equipped the participant and then ensured data 
recordings; the other who provided instructions to the participant and 
ensured safety. The flow diagram of the study is described in Figure 1.

The following procedure was systematically adopted:

	 1)	 Introduction to the participant: Participants were welcomed and 
briefed on the session objectives, the nature of the tasks to 
be performed, and the approximate duration. Consent and 
safety procedures were reviewed again, and participants were 

encouraged to ask questions. Particular emphasis was placed 
on informing them of the possibility of pausing, skipping a task 
or even stop the experiment at any point if discomfort arose.

	2)	 Calibration of the systems: The calibration of the IMUs was 
performed by the manufacturer, and no calibration was 
required before the measurement. The calibration of the 
pressure insoles was performed in accordance with the 
manufacturer’s instructions, including both zeroing and 
calibration procedures. The zeroing process involved an 
automatic mode that continuously monitors and compensates 
for sensor offsets and drifts caused by factors such as shoe-
lacing and temperature changes. Additionally, a manual 
zeroing function was available through the software (OpenGO, 
Moticon GmbH). The calibration routine, conducted via the 
app, included very slow walking and static postures (OpenGO, 
Moticon GmbH). Eye tracking calibration was made once the 
participant was fitted with the glasses, during which the 
participant held a calibration target at arm’s length and stared 
at it (Tobii Pro Lab Software, Tobii AB, Danderyd, Sweden).

	 3)	 Preparation of the participant: Each participant was equipped 
with a full set of wearable sensors, including 9 IMUs placed on 
the head, torso, sacrum, left and right wrists, left and right 
thighs, and left and right feet; eye-tracking glasses; and two 
plantar pressure insoles inserted into the standardized shoes 
among participants. The devices were secured using adjustable 
straps or belts, and fit was double-checked to ensure that they 
were comfortable for the participant to wear and that the 
sensors provided clear and reliable data (avoiding sensor 
movements on clothes). If the participant required prescription 
glasses that were incompatible with the eye-tracking glasses, the 
latter were not used for the session. In such cases, only IMU and 
plantar pressure data were collected. This exception was noted 
in the session record to inform data interpretation.

	 4)	 Measurements: Participants performed the 15-task protocol 
under supervision, with verbal instructions and demonstrations 
provided before each task if needed. Task performance was also 
video recorded. After each task, participants could rest as 
needed to avoid fatigue or dizziness.

Fatigue management: To minimize fatigue effects, several measures 
were implemented. Total protocol duration was limited to 

Task Description Materials Challenge

15-Walk in the dark The participant walks on a straight 12 m line while wearing dark glasses. Athermal welding 

protection goggles 

DIN 5

Absence of visual inputs

For each task, its description with an illustration, the materials required for setup, and the specific postural or sensorimotor challenges targeted are detailed. The task set was designed to 
replicate a broad spectrum of daily-life activities that engage different aspects of balance control, including dynamic stability, proprioceptive adaptation, visual dependency, reduction of base of 
support, and dual-tasking. The difficulty level of each task was estimated based on patient interviews and pilot testing: tasks perceived as easy are highlighted in green, intermediate in yellow, 
and difficult in red. XL, extra-large size; CoM, Center of Mass.

TABLE 2  (Continued)
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approximately 1 h, and participants were explicitly informed they 
could rest between tasks as needed. Task order was standardized 
(Table 2), generally alternating from simpler to more complex activities 
to distribute physical and cognitive demands. Operators actively 
monitored participants for signs of fatigue throughout the session. 
Notably, no participant requested a formal break during the protocol, 
suggesting the duration and task progression were well-tolerated.

Task completion and data classification

An important methodological distinction was made between 
tasks not performed due to functional limitations and technical 

missing data. This distinction is clinically meaningful and fundamental 
to the ecological validity of our protocol.

Tasks not performed due to functional limitation: When 
participants declined a task due to symptom severity or perceived 
inability to perform it safely, this was recorded as “task not 
performed” (either “Did Not Start” – DNS when the participant did 
not start the task or “Did Not Finish” – DNF when the participant 
started the task but interrupted it before completion) rather than 
missing data. This represents a clinically meaningful functional 
limitation and constitutes an important outcome measure. For 
example, several BV patients declined Task 2-Pants (putting on pants 
while standing) because they felt unable to maintain balance on one 
leg, and others declined Task 12-Wood Beam due to fear of falling. 

FIGURE 1

Flow diagram of the study. UV, Unilateral Vestibulopathy patient; BV, Bilateral Vestibulopathy patient; HUG, Geneva University Hospital; DHI, Dizziness 
Handicap Inventory; SF-36, 36-Item Short Form Health Survey and IMU, Inertial Measurement Unit.
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All decisions to skip or decline tasks were entirely patient initiated, 
based on their own assessment of safety and symptom severity. The 
research team never prevented or discouraged task performance for 
safety reasons, though participants were always explicitly informed 
of their right to decline any task at any point without explanation 
or consequence.

Tasks most frequently declined by participants (see Table  3) 
included:

	•	 Task 2-Pants: 4/20 BV patients declined (unable to balance on 
one leg)

	•	 Task 3-Shoes: 2/20 BV patients declined (difficulty bending 
and balancing)

	•	 Task 9-Stepladder: 1/20 BV patients declined (fear of falls on 
narrow steps)

	•	 Task 12-Wood Beam: 5/20 BV patients declined (fear of falls, 
reduced base of support)

Notably, no HS or UV participants declined any tasks.
Technical missing data: In contrast to functional task 

non-completion, technical data loss occurred due to equipment or 
protocol-specific factors unrelated to participants’ functional abilities. 
These technical issues are comprehensively documented in Table 4, 
which presents detailed information on:

	•	 IMU calibration failure (1 BV participant, affecting all tasks)

	•	 Eye-tracking unavailability due to session-level equipment issues, 
Task 14-specific prescription glasses requirements, and protocol 
design constraints

TABLE 4  Technical data availability by sensor modality.

Sensor 
modality

HS 
(n = 20)

UV 
(n = 20)

BV 
(n = 20)

Reason for 
data 
unavailability

IMUs 20 20 19 BV: 1 participant - 

calibration failure 

affecting all tasks

Eye-tracking: 

session-level 

issues

19 16 19 HS: 1 participant - 

prescription glasses 

required

UV: 2 participants - 

technical 

equipment failure; 

2 participants - 

prescription glasses 

required

BV: 1 participant - 

prescription glasses 

required

Eye-tracking: 

Task 

14-Picture 

Recognition 

additional 

losses

11/19† 12/16† 16/19† All groups: 

Additional 

participants 

required 

prescription glasses 

specifically for this 

task demanding 

high visual acuity 

(8 HS, 4 UV, 3 BV)

Eye-tracking: 

protocol 

design

N/A N/A N/A Task 15-Walk in 

dark used 

obscuring goggles 

(all participants)

Task 13-Uphill/

Down included 

eyes-closed phase

Pressure 

insoles

20 20 20 No technical issues

†Denominator = participants with functioning eye-tracking equipment for other tasks. This 
table documents technical data loss unrelated to participants’ functional capacity. Numbers 
represent participants for whom sensor data were technically obtainable. IMUs: 1 BV 
participant experienced persistent calibration failure despite multiple attempts, resulting in 
complete loss of IMU data across all tasks. Eye-tracking—session-level issues: Some 
participants could not use eye-tracking for any tasks due to: (1) technical equipment failure 
(2 UV participants), or (2) requirement for prescription glasses incompatible with the eye-
tracking device (1 HS, 2 UV, 1 BV). These participants performed all tasks but without 
eye-tracking data. Eye-tracking—Task 14 specific: Task 14-Picture Recognition required 
participants to identify and describe detailed images displayed at distance, demanding clear 
visual acuity. Among participants with otherwise functioning eye-tracking equipment, an 
additional 8 HS, 4 UV, and 3 BV participants elected to use their prescription glasses 
specifically for this task, temporarily precluding eye-tracking. These participants had eye-
tracking data for all other tasks. Eye-tracking—protocol design: Eye-tracking was impossible 
by design for Task 15-Walk in the dark (obscuring goggles worn by all participants) and 
during the eyes-closed descent phase of Task 13-Uphill/Down. Pressure insoles: All pressure 
insole units functioned properly throughout all testing sessions with no technical failures. 
Critical distinction: This table documents only technical limitations. Participants who 
declined tasks due to symptom severity (functional limitation) are documented in Table 3, 
not here, even if this resulted in no eye-tracking or IMUs data being collected for that task.

TABLE 3  Task completion rates across groups.

Task Number of participants who 
completed the task

	 HS	 UV	 BV

1-Bed 20 20 20

2-Pants 20 20 16 (4 DNS)

3-Shoes 20 20 18 (2 DNS)

4-Sorting 20 20 20

5-Heavy load 20 20 20

6-Bus 20 20 20

7-Stairs up & down 20 20 20

8-Uneven grounds 20 20 20

9- Stepladder 20 20 19 (1 DNS)

10-Tray 20 20 20

11-Walk 20 20 20

12-Wood Beam 20 20 15 (3 DNS; 2 

DNF)

13-Uphill Down 20 20 20

14-Picture recognition 20 20 20

15-Walk in the dark 20 20 20

Task completion represents the number of participants who attempted and completed each 
task. Numbers less than 20 indicate either patient-initiated task declination (DNS) due to 
perceived inability or safety concerns related to vestibular symptoms or patient-initiated task 
termination before completion (DNF) because the task proved too difficult for the 
capabilities of the participant. All declination decisions were made by participants; no tasks 
were prevented by the research team. Task non-completion reflects clinically meaningful 
functional limitations rather than missing data. DNS, Did not Start the task. DFN, Did Not 
Finish the Task.
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	•	 Pressure insole data quality (no technical issues)

Complete details including exact numbers per group, specific 
reasons for data unavailability, and task-by-task breakdown are 
presented in Table 4 and described in the Results section.

This distinction is clinically important because inability to 
perform a task reflects the real-world impact of vestibular loss on 
functional capacity, providing valuable information about activity 
limitations and participation restrictions as defined by the 
International Classification of Functioning, Disability and Health 
(ICF) framework. These task non-completion data will 
be analyzed as outcome measures in subsequent studies examining 
the relationship between specific functional limitations and 
disease severity, quality of life measures, and clinical vestibular 
test results.

Materials and parameters

IMUs
Nine wireless IMUs (Physilog6S, MindMaze, Lausanne, 

Switzerland) sampled at 128 Hz were placed on the participants’ head, 
chest, sacrum, wrists, tights, and feet and secured with appropriate 
sport belts. They recorded 3-Dimensional (3D) linear accelerations 
with a range of ± 16 g, and 3D angular velocities with a range of ± 
2,000°/s. The IMUs were switched on and off using a mobile app, 
which also controlled the start and stop of each recording to ensure 
that only the task itself was captured, excluding any intermediate 
periods. The Physilog6S system has been validated for gait analysis in 
clinical populations with excellent test–retest reliability (ICC > 0.90 
for spatiotemporal parameters) and strong concurrent validity against 
laboratory-based motion capture systems (e.g., Vicon Motion Capture 
System, Vicon Motion Systems Ltd., Oxford, UK) (34, 37).

Eye-tracking
The eye-tracking glasses (Tobii Pro Glasses 3, Tobii AB; 

Stockholm, Sweden) were used to track eye movements and gaze 
behavior. This wearable device included four eye cameras (2 per eye) 
and multiple infrared illuminators (8 per eye) integrated into the 
eyeglass frame to continuously record eye position and pupil data 
(position and size). A high-definition scene camera (1,920 × 1,080 
resolution, 25 fps) located in the center of the glasses captures the 
participant’s field of view. The system also included an IMU 
comprising an accelerometer (sampled at 100 Hz), a gyroscope 
(sampled at 100 Hz), and a magnetometer (sampled at 10 Hz) to 
record head movement in 3D. Eye movement data were combined 
with head position to compute gaze vectors, which were then mapped 
onto the video footage from the scene camera. The eye-tracking data 
were sampled at 100 Hz. The Tobii Pro Glasses 3 system has 
demonstrated accuracy of <1° under optimal conditions and <3° 
during dynamic head movements (40), with reliability validated in 
ambulatory settings.

Foot pressure insoles
Two pressure insoles (OpenGo Sensor Insoles 3, Moticon ReGo 

AG, Munich, Germany) sampled at 100 Hz were used to measure feet 
plantar pressures. These insoles were composed of 16 pressure sensors, 
a 3D accelerometer and a 3D gyroscope. The total area covered by 

pressure sensors ranged from 7.6 mm2 to 16.5 mm2 depending on 
sensor insole sizes (adapted to participant’s shoe size). The insoles 
were switched on just before being placed in the shoes, and switched 
off at the end of the measurement, thus recording the entire session. 
Plantar pressure insole systems, including Moticon sensors, have 
shown good validity against force platforms (r = 0.81–0.99) and test–
retest reliability (ICC 0.69–0.97) in gait analysis (44–47). While 
validation specifically in vestibular populations is limited, these 
sensors provide objective measurement of plantar pressure 
distribution and temporal gait parameters relevant for functional 
mobility assessment.

Video recordings
Subjects were recorded while performing the tasks using a camera 

(GoPro HERO9 Black, GoPro, San Mateo, USA).
Video Analysis Methodology: Video recordings were analyzed 

using a standardized scoring grid for observable instability cues 
developed through systematic literature review of validated balance 
and gait assessment tools. The scoring grid was adapted from 
established clinical instruments including the Functional Gait 
Assessment (48), Berg Balance Scale (49), Performance-Oriented 
Mobility Assessment (50), and published observational criteria for 
vestibular gait deviations (20–22). The grid documents observable 
instability events including stops, trips and slips, leans, compensatory 
movements, and other signs of imbalance during task performance.

All video recordings were independently scored by two trained 
raters: (1) the primary investigator (JC) who conducted the data 
collection, and (2) an independent expert rater (from RvdB’s team) 
specialized in the phenomenology of vestibular disorders who was 
blinded to participant group assignment and clinical characteristics. 
Both raters completed scoring independently without consultation. 
Inter-rater reliability between the two independent scorings will 
be  assessed using intraclass correlation coefficients (ICC) for 
continuous variables and Cohen’s kappa for categorical variables. The 
complete scoring grid, inter-rater reliability results, and analysis of 
instability patterns across groups and tasks will be presented in a 
dedicated future paper (number 4) focusing on behavioral adaptations 
and compensatory strategies.

Time required to complete the task was also documented.

Questionnaires
Finally, before the start of the experimental session, all participants 

completed standardized self-report questionnaires. These tools were 
chosen to capture subjective aspects of vestibular loss and overall 
health-related quality of life, allowing for comparison with objective 
performance metrics.

For patients with UV or BV, two questionnaires were administered:

	 1)	 Dizziness Handicap Inventory (DHI): The DHI is a validated 
25-item questionnaire specifically designed to assess the self-
perceived handicap caused by vestibular loss. It includes 
three subscales:

	•	 Functional (9 items): assesses the impact of dizziness on daily 
activities (e.g., walking, reading, social participation).

	•	 Emotional (9 items): captures psychological consequences such 
as frustration, fear, or depression.
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	•	 Physical (7 items): reflects symptom triggers linked to motion, 
position changes, or head movements.

Responses are scored as “Yes” (4 points), “Sometimes” (2 points), 
or “No” (0 points), for a total score ranging from 0 to 100. Higher 
scores indicate a greater perceived handicap with the following 
severity classifications: No handicap: 0–15 points; Mild handicap: 
16–34; Moderate handicap: 35–54 points and severe handicap: ≥ 
55 points.

This instrument was selected because it reflects the patient’s 
functional and emotional adaptation to vestibular symptoms, which 
may not always align with objective deficits, especially in chronic cases.

	1)	 SF-36 Health Survey (Short Form-36): The SF-36 is a generic, 
widely used instrument to assess health-related quality of 
life across eight domains: Physical Functioning, Role 
Physical, Bodily Pain, General Health, Vitality, Social 
Functioning, Role Emotional, and Mental Health. Each 
domain is scored on a 0–100 scale, with higher scores 
indicating better self-perceived health. The SF-36 provides 
both a physical and mental component summary score, 
which aggregate the eight domains using a standardized 
scoring algorithm (66). We calculated PCS and MCS using 
Swiss normative reference data (67) to ensure culturally 
appropriate comparisons. Domain scores were standardized 
against Swiss population norms, weighted by factor-derived 
coefficients, summed, and transformed into norm-based 
T-scores (mean = 50, SD = 10), where scores below 50 
indicate below-average health status. Its inclusion allowed 
for a broader contextualization of the patient’s experience 
and facilitates comparisons with HS.

For healthy control participants, only the SF-36 was administered 
to avoid unnecessary burden and to focus on general well-being 
measures in this reference group.

By combining the DHI and SF-36 in the pathological groups, 
we aimed to capture both condition-specific and general health 
perceptions. These subjective data will serve as a basis for 
correlation analyses with the sensor-derived parameters, to 
evaluate the ecological and clinical relevance of our multimodal 
assessment protocol. They will also provide insight into the 
disparity that often exists between clinical test results and patient-
reported disability.

Additional clinical and lifestyle information
For patients with UV or BV, additional structured questions were 

administered to capture rehabilitation history and lifestyle context:

	•	 Vestibular rehabilitation engagement: Prior and current 
vestibular physiotherapy participation, duration, frequency, and 
patient-reported satisfaction with therapy outcomes.

	•	 Physical activity history: Type, frequency, and intensity of 
physical activity and sports participation before vestibular 
symptom onset, and whether these activities were maintained, 
modified, or discontinued post-onset.

	•	 Home-based rehabilitation: Adherence to home exercise 
programs, barriers to continuation, and perceived effectiveness

	•	 Functional impact: Supplementary questions on how vestibular 
symptoms specifically impact daily activities, social participation, 
and overall life satisfaction.

These data provide important context for interpreting 
compensatory strategies and will be analyzed in relation to observed 
functional performance and sensor-derived parameters.

Data analysis

Demographic and clinical comparisons: Between-group differences 
in continuous demographic variables (age, height, BMI) were assessed 
using one-way ANOVA. DHI scores were compared between UV and 
BV groups using independent samples t-test (HS group was not 
assessed with DHI). SF-36 component scores (PCS, MCS) were 
compared across the three groups using Kruskal-Wallis test. When 
overall significance was detected (p  < 0.05), post-hoc pairwise 
comparisons were performed using Dunn’s method with adjustment 
for multiple comparisons. Statistical analyses were performed using 
SigmaPlot version 16 (Systat Software, Inc., San Jose, CA, USA) with 
significance threshold set at α = 0.05.

Intended data analysis

This protocol paper describes methodology for multimodal data 
collection. Sensor data analyses will be presented in dedicated future 
papers. Here we  briefly outline the overall analytical strategy and 
publication plan.

Analytical approach overview

The analytical strategy progresses from single-modality 
characterization to multimodal integration:

Single-modality analyses: Initial analyses will establish robust 
parameters from each sensor modality independently to validate data 
quality and identify discriminative parameters. For IMUs: kinematic 
smoothness, movement intensity, spatiotemporal gait metrics. For 
eye-tracking: saccade/fixation characteristics, gaze path metrics, head-
gaze coordination. For pressure insoles: center of pressure dynamics, 
weight distribution, temporal gait parameters. Video analysis will 
characterize compensatory behaviors through structured 
observational scoring.

Multimodal integration: Multimodal integration analyses will 
examine how parameters from different sensor modalities jointly 
characterize functional impairments.

Clinical validation and protocol refinement: All sensor-derived 
parameters will be correlated with standard clinical vestibular tests, 
patient-reported outcomes (DHI, SF-36), and disease characteristics 
to evaluate ecological and clinical validity. We will also determine the 
minimal combination of sensors, sensor locations, and tasks needed 
for effective clinical assessment, informing the development of a 
streamlined protocol optimized for routine clinical implementation.

Covariate considerations: Age will be included as a covariate in all 
primary analyses to account for potential age-related effects on motor 
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performance and sensory integration that may be  independent of 
vestibular function.

Publication strategy and rationale: Sensor data analyses will 
be disseminated through a series of papers examining: (1) IMU-based 
parameters, (2) gaze behavior and visual strategies, (3) plantar 
pressure and postural control, (4) behavioral adaptations from video 
analysis, and (5) multimodal integration with streamlined clinical 
protocol. This phased approach allows thorough description of 
modality-specific analytical procedures while building toward 
integrated multimodal analysis.

Rationale for phased publications: The separate papers serve to 
thoroughly describe modality-specific signal processing, parameter 
extraction, and validation procedures—each of which requires 
substantial methodological detail inappropriate for a single 
comprehensive paper. Each wearable device has generated an 
exceptionally large volume of data with fundamentally different 
characteristics requiring distinct analytical approaches. IMU data (9 
locations × 3-axis acceleration and angular velocity × 128 Hz sampling 
× 15 tasks × 60 participants) require completely different signal 
processing pipelines, filtering strategies, and parameter extraction 
methods than eye-tracking data (gaze coordinates, pupil diameter, 
saccade detection algorithms, fixation identification) or pressure 
insole data (16 sensors per foot × force-time curves × contact phase 
segmentation). The analytical requirements, validation procedures, 
quality control metrics, and interpretation frameworks are unique to 
each modality and demand specialized expertise. This approach 
avoids redundancy and allows focused, rigorous reporting of each 
modality’s unique analytical requirements while doing justice to the 
richness and complexity of each data type. Additionally, this strategy 
enables earlier dissemination of clinically useful single-modality 
findings while the more complex multimodal integration analyses 
are ongoing.

Importantly, the separate papers are not isolated analyses that 
ignore the multimodal richness; rather, they provide the 
methodological foundation and validated parameters necessary for 
principled multimodal integration in Paper 5. Following the 
comprehensive analysis of this extensive protocol version, the 
streamlined clinical version presented in Paper 5 will be optimized for 
routine clinical implementation. However, presenting this first 
comprehensive version is essential as it represents a major 
methodological milestone and provides the empirical foundation for 
informed, data-driven selection of the minimal effective 
assessment battery.

All analyses will use open-source software with fully documented 
pipelines. De-identified processed data and analysis code will be made 
publicly available upon publication to facilitate reproducibility.

Results

Demographic and clinical characteristics
Demographic and clinical characteristics of the study population 

are presented in Table 1. We successfully recruited 60 participants (20 
per group) with the following characteristics:

Age and anthropometric matching: The three groups were well-
matched for demographic variables, confirming adequate group 
comparability. Mean age was similar across groups (HS: 

57.9 ± 5.3 years, UV: 59.5 ± 5.5 years, BV: 60.7 ± 11.5 years, p = 0.557), 
with age ranges of 45–65 years (HS), 46–66 years (UV), and 
44–83 years (BV). Height did not differ significantly between groups 
(HS: 172.1 ± 8.4 cm, UV: 173.4 ± 10 cm, BV: 168.3 ± 8.6 cm, 
p  = 0.192), nor did body mass index (HS: 24.3 ± 4.1 kg/m2, UV: 
24.7 ± 3.4 kg/m2, BV: 25.3 ± 3.5 kg/m2, p = 0.711).

Sex distribution: The sample included 32 females (HS: 10, UV: 10, 
BV: 12) and 28 males (HS: 10, UV: 10, BV: 8), with balanced sex 
distribution across groups.

Etiology: For UV patients, the most common etiologies were 
schwannoma (n = 9, 45%), idiopathic (n = 5, 25%), traumatic (n = 2, 
10%), Meniere’s disease (n = 2, 10%), zona (n = 1, 5%), and cyst (n = 1, 
5%). For BV patients, the predominant etiology was idiopathic 
(n = 14, 70%), followed by ototoxicity (n = 3, 15%), schwannoma 
(n  = 1, 5%), Meniere’s disease (n  = 1, 5%), and Cogan syndrome 
(n = 1, 5%).

Vestibular-related handicap (DHI): DHI scores differed 
significantly between patient groups, with BV patients reporting 
higher scores (48 ± 19) than UV patients (28 ± 17) (p  < 0.001). 
According to established DHI severity classifications, the BV group’s 
mean score of 48 corresponds to moderate-to-severe handicap, while 
the UV group’s mean score of 28 indicates mild-to-moderate 
handicap. HS participants were not assessed with DHI, as this 
instrument is designed specifically for individuals with 
vestibular symptoms.

Health-related quality of life (SF-36): SF-36 scores revealed distinct 
patterns of physical versus mental health impact across groups.

	•	 Physical Component Score (PCS): Significant differences were 
observed across groups (BV: 39.8 ± 12.2, UV: 50.1 ± 9.2, HS: 
52.7 ± 9.6, overall p < 0.001). Post-hoc pairwise comparisons 
revealed that BV patients had significantly lower PCS than both 
HS (p < 0.001) and UV patients (p = 0.037). UV patients’ PCS did 
not differ significantly from HS (p = 0.537). The BV group’s mean 
PCS of 39.8 falls approximately one standard deviation below the 
Swiss population norm (T-score of 50).

	•	 Mental Component Score (MCS): Differences across groups were 
not statistically significant (BV: 43.2 ± 11.2, UV: 40.1 ± 15.4, HS: 
48.5 ± 15.4, p = 0.134). No significant pairwise differences were 
detected between any groups.

Task completion and functional limitations
Task completion rates across the three groups are presented in 

Table  3. The vast majority of participants completed all 15 tasks 
successfully. However, some participants, particularly those with BV, 
declined certain tasks due to symptom severity and safety concerns. 
As described in the Methods section, all task declination decisions 
were patient-initiated based on participants’ own assessment of their 
ability and safety; the research team never prevented or discouraged 
task performance, though participants were always explicitly informed 
of their right to decline any task without consequence.

Tasks most frequently declined were those requiring prolonged 
single-leg balance, reduced base of support, or dynamic movements 
perceived as high fall risk. Specifically, Task 12-Wood Beam was 
declined by 5/20 BV patients (25%) due to fear of falling and the 
narrow walking surface. Task 2-Pants was declined by 4/20 BV 
patients (20%) due to inability to maintain single-leg balance while 
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dressing. Task 3-Shoes was declined by 2/20 BV patients (10%) due to 
difficulty bending and balancing simultaneously. Task 9-Stepladder 
was declined by 1/20 BV patients (5%) due to fear of falling on the 
narrow steps.

Notably, no HS participants nor UV ones declined any tasks, 
indicating that task non-completion was specific to the more severely 
affected BV population. These task non-completion patterns provide 
clinically valuable information about the functional limitations 
imposed by severe bilateral vestibular loss. Task completion data will 
be  analyzed in relation to clinical measures (vHIT gains, caloric 
responses), patient-reported outcomes (DHI, SF-36), and disease 
characteristics in subsequent studies to identify predictors of 
functional limitation and inform personalized rehabilitation strategies.

Technical data availability
Technical data availability across sensor modalities is presented in 

Table 4. Overall, sensor data collection was highly successful, with 
technical issues affecting a small minority of participants.

IMU data: IMU data were unavailable for one BV participant 
across all tasks due to persistent calibration failure despite multiple 
troubleshooting attempts. This resulted in n = 19 for all IMU-based 
measures in the BV group. All other IMU sensors (9 sensors × 59 
participants = 531 sensor-participant combinations) functioned 
properly throughout all sessions.

Eye-tracking data: Eye-tracking data availability was affected by 
two distinct technical issues:

Session-level technical issues (affecting all tasks): 4 participants 
could not use eye-tracking for any tasks due to equipment or 
compatibility issues. Two UV participants experienced technical 
equipment failures (malfunction of eye cameras or calibration 
system), and four participants (1 HS, 2 UV, 1 BV) required 
prescription glasses that were incompatible with the eye-tracking 
device throughout the session. These participants performed all tasks 
successfully but without eye-tracking data. This resulted in baseline 
eye-tracking sample sizes of: HS n  = 19/20, UV n  = 16/20, BV 
n = 19/20.

Task 14-specific visual acuity requirements: Among participants 
with otherwise functioning eye-tracking equipment, Task 14-Picture 
Recognition posed a unique challenge. This task required participants 
to identify and describe detailed images displayed on windows at 
several meters, demanding high visual acuity. An additional 8 HS (out 
of 19 with functional equipment), 4 UV (out of 16), and 3 BV (out of 
19) elected to use their prescription glasses specifically for this task to 
see the images clearly, temporarily precluding eye-tracking. These 
same participants had successfully completed all other tasks with 
eye-tracking intact. This reduced Task 14 eye-tracking sample sizes to: 
HS n = 11/19, UV n = 12/16, BV n = 16/19.

Protocol design constraints: Eye-tracking was impossible by design 
for Task 15-Walk in the dark, which required all participants to wear 
obscuring welding goggles (marked N/A in Table 4 for all groups). 
Additionally, Task 13-Uphill/Down included an eyes-closed descent 
phase, during which eye-tracking data could not be meaningfully 
collected, though data from the eyes-open ascent phase remained valid.

Pressure insole data: Pressure insole data were successfully 
collected for all participants across all completed tasks with no 
technical failures. All 60 pressure insole units (20 per group) 
functioned properly throughout all testing sessions, providing 
complete bilateral plantar pressure recordings.

Discussion

This study introduces a new protocol designed to functionally 
assess individuals with vestibular loss using wearable sensors and 
ecologically valid tasks that simulate daily life settings. In contrast to 
traditional laboratory-based approaches focused on reflex testing or 
constrained gait assessments, our design captures multimodal whole-
body and gaze-related behaviors in context-rich environments. Below, 
we  discuss the rationale, key features, implementation feasibility, 
clinical relevance, and limitations of this approach.

Participant characterization and group 
matching

The three study groups were successfully matched for key 
demographic variables (age: p  = 0.557; height: p  = 0.192; BMI: 
p  = 0.711), ensuring that observed differences in functional 
performance could be  attributed to vestibular status rather than 
confounding demographic factors. This successful matching was 
critical given the protocol’s aim to capture vestibular-specific 
functional limitations.

As anticipated based on the known pathophysiology of vestibular 
disorders, clinical outcome measures demonstrated a clear gradient of 
impairment severity: BV > UV ≥ HS. DHI scores revealed 
significantly greater vestibular-related handicap in BV patients 
(48 ± 19) compared to UV patients (28 ± 17, p < 0.001), reflecting the 
more severe functional impact of bilateral vestibular loss. With BV 
scores in the moderate-to-severe range and UV scores in the mild-to-
moderate range, these findings validate the clinical distinction 
between unilateral and bilateral vestibular loss at the level of patient-
reported outcomes, confirming that bilateral deficits impose 
substantially greater functional burden than unilateral deficits.

SF-36 Physical Component Scores showed the expected pattern of 
impairment (BV: 39.8 ± 12.2 < UV: 50.1 ± 9.2 ≈ HS: 52.7 ± 9.6, overall 
p < 0.001), with BV patients falling approximately one standard 
deviation below population norms—representing clinically meaningful 
impairment in perceived physical health. Notably, UV patients were 
statistically indistinguishable from healthy controls (p  = 0.537), 
suggesting that unilateral vestibular deficits have limited impact on 
perceived physical health, likely due to effective central compensation 
mechanisms. In contrast, mental health scores (MCS) showed 
non-significant differences (p = 0.134), suggesting that while vestibular 
loss substantially impacts physical functioning and perceived physical 
health, its effect on mental health and psychological well-being is more 
variable and less pronounced at the group level, though individual 
patients may experience significant psychological burden.

Importantly, the preserved physical health-related quality of life 
in UV patients (PCS comparable to HS) contrasts sharply with their 
significantly elevated DHI scores, highlighting the DHI’s superior 
sensitivity to vestibular-specific limitations that may not be captured 
by generic health status instruments. This discordance underscores 
the value of condition-specific outcome measures and provides 
important context for interpreting the functional task performance 
data collected with our multimodal sensor protocol, which aimed to 
bridge the gap between generic questionnaires, vestibular-specific self-
report measures, and objective functional capacity in ecologically 
valid settings.
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Conceptual framework and rationale

The development of this protocol was grounded in the long-
standing observation that laboratory-based tests do not fully capture 
the functional impairments experienced by patients with vestibular 
loss in their daily life. Current clinical tests, while precise, often 
measure isolated reflexes or basic gait patterns in artificial conditions. 
In addition to these reflex-based assessments, functional tests for gait 
and posture do exist and are routinely used in clinical practice. 
However, these evaluations are also conducted in highly standardized 
and controlled laboratory environments, which lack the complexity, 
unpredictability, and multisensory demands of real-world settings. As 
a result, these paradigms fail to replicate the multisensory integration 
and context-specific adaptations required for daily-life mobility. To 
bridge this gap, we initially selected the 10 tasks proposed by Mijovic 
et al. (29) as a foundation and subsequently expanded and refined the 
task set based on direct input from patients. This iterative, 
participatory approach resulted in a total of 15 tasks representing 
various real-life challenges—such as navigating stairs, carrying load, 
dual-tasking, walking on uneven terrain, or moving in low-visibility 
conditions—guided by validated questionnaires (DHI, VADL) and 
patient experience. This patient-centered design ensured both the 
ecological validity and clinical relevance of the selected tasks.

Technical and practical implementation

The multimodal sensor setup included nine IMUs, wearable 
eye-tracking glasses, and plantar pressure insoles, configured to 
be worn in a semi-standardized but realistic environment. The IMUs 
were chosen to provide critical data on body segment kinematics and 
postural sway, offering a low-cost, valid alternative to force plates as 
well as complex high-tech camera-based systems (e.g., Vicon Motion 
Capture System) for balance assessment (20, 34, 36, 37). IMUs have 
also been successfully applied in vestibular research: Jabri et al. (38) 
demonstrated that wearable IMUs, combined with machine learning, 
could automatically classify gait patterns of individuals with vestibular 
deficits with high accuracy (AUROC up to 0.88), highlighting their 
sensitivity to subtle differences in arm swing and gait dynamics. 
Furthermore, portable multi-sensor systems using IMUs have enabled 
characterization of vestibular-evoked balance responses during real-
world locomotion; Foulger et al. (39) used synchronized IMUs on the 
head, lower back, and ankles, along with stochastic electrical vestibular 
stimulation (EVS), to reveal phase-dependent modulations of 
vestibular control during walking outside the laboratory.

In parallel, wearable eye-tracking enables the capture of gaze 
behavior during ambulation and functional tasks—moving beyond 
the static, head-restrained paradigms that have long dominated 
vestibular research. Hooge et  al. (40) demonstrated that modern 
wearable eye trackers can reliably record gaze during dynamic 
movements such as walking, skipping, and jumping, with most 
angular errors remaining below 3°, and even during rapid movement 
tasks, errors rarely exceeded 5.8°. Similarly, Kothari et  al. (41) 
introduced the “Gaze-in-the-Wild” dataset, which combines head-
mounted eye tracking with inertial sensors to explore eye–head 
coordination during everyday tasks performed in freely moving 
individuals, thereby underscoring the potential of wearable systems 
for capturing ecologically valid visual behavior. Building on this, 

Bevilacqua et al. (33) developed and validated a wireless magnetic 
eye-tracking system capable of simultaneously measuring eye and 
head orientation in vivo, with potential applications for assessing VOR 
function outside traditional lab settings.

In addition, wearable head sensors have been integrated into 
mobile applications for vestibular rehabilitation. Meldrum et al. (51) 
reported that a system combining a head-mounted inertial sensor, a 
smartphone interface, and clinician support software was well 
accepted by patients with vestibular symptoms, allowing real-time 
feedback during gaze stabilization exercises. These findings support 
the growing feasibility of ambulatory vestibular assessment and 
intervention. Taken together, this multimodal configuration enhances 
ecological validity by simultaneously capturing gaze, motion, and 
plantar pressure—enabling integrative analyses of vestibular function 
during mobility in naturalistic conditions.

Task execution was monitored by a dual-operator team to 
ensure safety, data integrity, and standardized administration 
across participants. While technically demanding, the full protocol 
was completed within approximately 1 h per participant, 
demonstrating feasibility for implementation in specialized clinical 
or research settings. Moreover, the results of the analyses will guide 
the refinement of task selection and sensor use for 
future applications.

Strengths and potential applications

A fundamental strength of this protocol lies in its multimodal 
design conducted in ecologically valid settings, enabling integrated 
analysis of vestibular function across complementary measurement 
domains during daily-life activities. This approach directly addresses 
a key limitation of existing vestibular assessments, which typically 
measure isolated reflexes or employ single sensor modalities in 
artificial laboratory conditions, potentially missing important patterns 
of sensorimotor adaptation that emerge only when considering 
coordinated responses across multiple measurement domains. Our 
protocol’s design mirrors the integrative nature of balance control 
itself. While single-modality assessments provide valuable 
information, balance emerges from multisensory integration rather 
than any single sensory channel. Each wearable device in our protocol 
captures distinct, complementary aspects of the sensorimotor 
response: IMUs quantify whole-body kinematics and movement 
smoothness across nine body segments, eye-tracking reveals gaze 
stabilization strategies and visual compensation mechanisms, pressure 
insoles characterize weight distribution and postural control 
dynamics, and video analysis documents observable compensatory 
behaviors and instability events. By simultaneously recording these 
diverse data streams during functional tasks simulating daily activities, 
the protocol enables extraction of objective, interpretable parameters 
across various domains of real-world mobility.

Multimodal integration therefore represents a primary goal of this 
protocol. Following single-modality characterization establishing 
robust parameters within each measurement domain, planned 
integrated analyses will examine how parameters from different 
sensor modalities jointly characterize functional impairments, predict 
clinical outcomes (DHI scores, SF-36, task completion), and identify 
distinct functional phenotypes through clustering approaches. This 
multimodal integration will demonstrate the added value of 
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simultaneous multi-sensor assessment beyond any single modality 
alone, revealing synergistic relationships between gaze behavior, 
postural control, and whole-body movement that cannot be captured 
by isolated measurements.

The protocol’s capacity for multimodal data collection in ecologically 
valid settings offers several important applications. It enables rigorous 
between-group comparisons (BV vs. UV vs. HS) that account for the 
multifaceted nature of functional impairment and could be  applied 
longitudinally to track disease progression or rehabilitation effects across 
multiple outcome dimensions simultaneously.

Another important methodological strength is the independent 
dual-rating of video recordings by two expert observers (one blinded 
to participant characteristics) using a scoring grid adapted from 
validated clinical instruments. This approach will enable assessment 
of inter-rater reliability for observable functional impairments, 
complementing objective sensor data with expert clinical observation.

The ecological validity of the protocol also makes it a promising 
candidate for evaluating interventions such as vestibular implants (11, 
52–54), physical therapy (55), sensory substitution devices (56), 
behavioral strategies (57) or upcoming gene therapy (58) aimed at 
improving balance and quality of life. Unlike traditional laboratory 
tests that may not translate to real-world benefit, this protocol’s semi-
naturalistic design better captures intervention effects on functional 
capacity in contexts resembling patients’ lived experiences.

Limitations and considerations

Despite its strengths, the protocol has several limitations. First, 
although performed in a realistic setting, it remains semi-structured 
and supervised and may not fully reflect unsupervised home or 
community-based activities. Indeed, a fundamental tension in our 
protocol design lies between standardization (necessary for 
reproducibility and group comparisons) and true ecological validity 
(capturing real-world behavior). While our protocol is more 
naturalistic than traditional laboratory assessments, it still constrains 
compensatory strategies in ways that reduce ecological authenticity. 
Specifically, task instructions for some activities explicitly prevented 
common compensatory behaviors that patients would naturally 
employ in daily life. For example, Task 2-Pants required standing 
without external support, sitting, or kneeling—precisely the strategies 
many BV patients report using at home to dress safely. Similarly, Task 
7-Stairs requested not holding handrails when possible, and Task 
12-Wood Beam required walking on a narrow surface that patients 
would typically avoid entirely through environmental route selection. 
This standardization was methodologically necessary to create 
reproducible, challenging tasks capable of discriminating between 
groups. However, it paradoxically reduces ecological validity: by 
preventing habitual compensation strategies, we may overestimate 
functional limitation in the constrained test environment while 
simultaneously failing to capture the most prevalent real-world 
compensation—avoidance behavior. Importantly, we  did not 
systematically document avoidance strategies or alternative methods 
patients would use in daily life. Several participants spontaneously 
mentioned that they would “never do this at home” or would “always 
sit down” for certain tasks, but these insights were not routinely 
elicited or recorded. Systematically asking “How would you do this at 
home?” or “What would you do differently in real life?” would have 

provided valuable complementary data about real-world functional 
strategies and activity limitations. This limitation highlights that while 
our protocol represents an important step toward ecological 
assessment, truly capturing real-world function would require 
ambulatory monitoring in patients’ natural environments where they 
employ their full repertoire of compensation and avoidance strategies 
without constraint. Future protocol iterations should systematically 
document both observed compensatory strategies and reported 
avoidance behaviors, and ultimately progress toward fully ambulatory 
assessment in patients’ homes and communities using the same 
sensor setup.

Second, the technical setup—especially the need for wearable 
calibration, sensor alignment, and synchronized data recording—
requires trained personnel and may be challenging to scale in general 
outpatient settings. Additionally, while each sensor system functioned 
reliably, the different devices used (IMUs, eye-tracking glasses, and 
pressure insoles) were not synchronized with each other, which limits 
the ability to perform precise multimodal temporal alignment across 
data streams. Furthermore, plantar pressure data were recorded as a 
single continuous file for the entire session, rather than segmented by 
task, making task-specific analysis complex and time-consuming in 
the absence of precise timestamping. While the wearable sensors used 
in this protocol (IMUs, eye-tracking, pressure insoles) have been 
validated in various populations, validation specifically in patients 
with bilateral and unilateral vestibulopathy performing ecologically 
valid daily-life tasks is limited. The forthcoming sensor analysis 
papers will establish the discriminative validity and reliability of these 
measurements in vestibular populations by examining their ability to 
differentiate between groups and correlate with established clinical 
measures (DHI, SF-36, vestibular function tests). Another source of 
variability came from environmental factors: although the setting was 
semi-standardized, the data collection spanned several months 
during which weather conditions varied considerably. Because part 
of the protocol took place outdoors, fluctuations in temperature, 
lighting, and surface conditions (e.g., dry vs. wet pavement) may have 
influenced performance and sensor signals, introducing a potential 
confound (59).

Additionally, although the protocol includes a variety of dynamic 
and functional motor tasks, it lacks static yet cognitively or 
sensorimotorically demanding activities that are known to 
be  particularly difficult for individuals with vestibular loss. One 
notable example is reading while standing or sitting upright, which 
many patients report as challenging due to oscillopsia or concentration 
deficits—yet this was not captured in our task battery (60).

Moreover, all tasks were performed in a quiet and uncrowded 
environment, where participants were alone with the examiner. 
However, many individuals with vestibulopathies report that their 
symptoms are significantly exacerbated in noisy, crowded, or visually 
busy settings—such as supermarkets, public transportation, or social 
gatherings (61–63). For example, the “normal walking” task, described 
as easy by all BV participants in our protocol, is often reported as 
highly effortful or destabilizing when performed in real-world 
scenarios involving moving crowds or unpredictable environmental 
stimuli. These ecological stressors are not accounted for in our current 
design. Fatigue levels were also not accounted for. Indeed, we did not 
systematically measure fatigue levels before and after protocol 
completion, which would have provided valuable information about 
the physical and cognitive demands of the assessment battery.
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Our sample included a relatively wide age range, particularly in 
the BV group (44–83 years), and age-related factors such as 
sarcopenia, reduced visual acuity, slower processing speed, and 
general sensorimotor decline may compound vestibular deficits and 
independently affect task performance. Due to sample size limitations 
(n  = 20 per group), we  did not perform age-stratified analyses to 
separate age-related effects from vestibular-specific effects. Future 
studies with larger cohorts should examine age-specific performance 
patterns and include age as a covariate in analyses to better characterize 
the independent contribution of vestibular loss versus age-related 
sensorimotor decline. Nevertheless, our sample’s age distribution 
(mean age ~59 years across groups) reflects the typical demographic 
of vestibular patients seen in clinical practice, which enhances the 
real-world applicability and generalizability of the protocol to the 
target patient population.

Another limitation to acknowledge regarding potential confound 
is the lack of systematic assessment of musculoskeletal pain, 
particularly arthritic joint pain, which could confound functional 
mobility measures. While participants were informally asked about 
pain and discomfort at the session outset, and while we excluded 
individuals with recent (< 1 year) joint replacement surgery, we did 
not use standardized pain questionnaires or systematically document 
arthritis diagnoses. Arthritic pain could lead to movement 
compensations (e.g., antalgic gait, reduced range of motion) that 
might be misattributed to vestibular loss in sensor-derived parameters, 
particularly for pressure insole and IMU data sensitive to gait 
asymmetries. Future protocol implementations should incorporate 
validated pain assessment tools (e.g., visual analog scales, Brief Pain 
Inventory) and document musculoskeletal conditions systematically, 
with pain considered as a covariate in analyses or used to define 
exclusion thresholds.

Several limitations regarding participant experience should also 
be  acknowledged. While informal feedback from pilot testing 
indicated that tasks were perceived as representative of daily challenges 
and the protocol duration was acceptable, we did not systematically 
collect structured acceptability data from all 60 participants using 
standardized questionnaires. This represents a limitation for assessing 
protocol tolerability. Informal feedback from some participants 
suggested they would have found the protocol more challenging if 
performed later in the day, highlighting the potential influence of 
circadian rhythms and accumulated daily fatigue on vestibular 
compensation. However, due to scheduling constraints (availability of 
testing facility, research team, and participants), sessions were 
conducted throughout the day (08:00–18:00), which may have 
introduced performance variability. Future iterations of this protocol 
should include standardized acceptability questionnaires and, ideally, 
control for time-of-day effects to better assess participant experience 
and optimize testing conditions.

Finally, psychosocial and emotional dimensions of the disorder—
particularly those related to the invisible nature of vestibular 
disability—are insufficiently reflected by the objective protocol. Many 
patients describe difficulties with social interactions, feelings of being 
misunderstood, or withdrawal from previously enjoyed activities (4, 
5, 64, 65). While the DHI and, to a lesser extent, the SF-36 capture 
some of these lived experiences, they are not translated into specific 
tasks or observable behaviors in the current test battery. Future 
iterations of the protocol could benefit from incorporating tasks or 
conditions that elicit these challenges more explicitly, or from 

integrating real-time patient-reported outcomes during 
task performance.

Future directions

This first comprehensive version of the protocol presented here 
will serve as a foundation for the subsequent development of a 
streamlined, “turnkey” version, specifically designed for 
implementation in outpatient clinics and physiotherapy practices.

Future work will aim to optimize the protocol to facilitate broader 
clinical adoption through several complementary approaches.

Protocol refinement and clinical implementation: The final 
optimized version will retain only the most discriminative tasks and 
parameters identified through the planned multimodal analyses, 
resulting in a shorter, more efficient assessment battery while 
preserving diagnostic sensitivity. Particular attention will be paid to 
ensuring that physical materials required for task execution (e.g., 
furniture, obstacles, visual targets) are low-cost, widely available, and 
easily adaptable to standard clinical environments—without 
compromising ecological relevance or diagnostic power. Simplification 
of sensor configuration and development of semi-automated analysis 
pipelines will further reduce technical barriers to implementation. 
Moreover, the protocol should be validated in larger cohorts, including 
diverse clinical subtypes and intervention groups, to establish 
generalizability and refine normative data.

Ambulatory assessment in natural environments: A critical next 
step would be to complement this semi-standardized protocol with 
fully ambulatory assessment in patients’ natural environments. The 
selection of tasks presented here remains inherently subjective, 
reflecting a balance between ecological validity, experimental control, 
and feasibility. It would have been impossible to cover the full range 
of daily-life activities encountered by patients, given the diversity and 
complexity of real-world environments. As a natural progression, 
future studies should consider remote or ambulatory assessments 
conducted directly in patients’ living environments. By equipping 
participants with the same sensor setup (IMUs, eye-tracking glasses, 
pressure insoles) and following them through their daily routines at 
home and in the community, we could capture:

	•	 Compensatory strategies employed without constraint
	•	 Avoidance behaviors and environmental route selection
	•	 Real-world task performance with full access to 

habitual adaptations
	•	 The gap between constrained test performance and naturalistic 

functional capacity

This approach would provide a more complete picture of 
functional limitation, distinguishing between what patients can do 
under standardized conditions versus what they actually do in daily 
life—a distinction critical for personalized rehabilitation and realistic 
goal setting. This transition to truly ecological conditions would 
capture nuances of daily functioning that may escape observation in 
standardized settings, while the insights gathered with the current 
semi-standardized protocol will guide sensor and analysis strategy 
selection for such at-home studies.

Clinical applications and therapeutic evaluation: Ultimately, by 
correlating functional biomarkers derived from this protocol with 
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patient-reported outcomes and traditional clinical tests, this approach 
has the potential to improve diagnosis, personalize rehabilitation 
strategies, and monitor disease progression in patients with vestibular 
loss. The protocol’s ecological validity combined with objective sensor-
based measurement makes it particularly well-suited for assessing the 
efficacy of emerging therapeutic interventions such as vestibular 
implants (11, 52–54) or gene therapy (58), where demonstrating real-
world functional benefit is critical for clinical translation.

Clinical applications and therapeutic evaluation: Ultimately, by 
correlating these functional biomarkers with patient-reported 
outcomes and traditional clinical tests, this approach has the potential 
to improve diagnosis, personalize rehabilitation, monitor progress in 
patients with vestibular loss. The protocol’s ecological validity 
combined with objective sensor-based measurement makes it 
particularly well-suited for assessing the efficacy of emerging 
therapeutic interventions such as vestibular implants (11, 52–54) or 
gene therapy (58), where demonstrating real-world functional benefit 
is critical for clinical translation.

In summary, the presented protocol provides a robust, patient-
centered framework to quantify vestibular-related impairments under 
realistic conditions. It offers a valuable complement to existing 
assessment tools and paves the way for more ecologically relevant and 
responsive vestibular care.

Conclusion

This protocol presents a comprehensive and multimodal approach 
to objectively assess the impact of vestibular loss in settings 
comparable to daily life. By combining wearable technologies and 
semi-standardized environments, the methodology allows for detailed 
quantification of motor and gaze behaviors in patients with unilateral 
and bilateral vestibulopathy. The selection of the tasks, based on 
patient’s needs, ensures clinical relevance. This type of protocol has the 
potential to assist clinicians and other vestibular care professionals in 
both the diagnosis and follow-up of patients by providing objective 
real-life tasks-based functional assessments, therefore, offering a 
promising tool for clinical assessment complementary to current 
reflex-based tests.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding author.

Ethics statement

The studies involving humans were approved by the study 
involving humans was approved by Cantonal Commission for 
Research Ethics of Geneva (BASEC-ID: 2024–02394). The studies 
were conducted in accordance with the local legislation and 
institutional requirements. The participants provided their written 
informed consent to participate in this study. Written informed 
consent was obtained from the individual(s) for the publication of any 
potentially identifiable images or data included in this article.

Author contributions

JC: Conceptualization, Data curation, Formal analysis, Funding 
acquisition, Investigation, Methodology, Project administration, 
Supervision, Validation, Writing – original draft. GG: Data curation, 
Formal analysis, Investigation, Methodology, Software, Visualization, 
Writing  – review & editing. SY: Data curation, Formal analysis, 
Software, Visualization, Writing  – review & editing. J-FC: 
Investigation, Writing – review & editing. SG: Resources, Writing – 
review & editing. AB: Writing  – review & editing. SC: Writing  – 
review & editing. MR: Writing – review & editing. RB: Writing – 
review & editing. SA: Resources, Supervision, Writing – review & 
editing. NG: Conceptualization, Resources, Supervision, Validation, 
Writing  – review & editing. AP: Funding acquisition, Project 
administration, Resources, Supervision, Validation, Writing – review 
& editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This work was supported 
by the Swiss National Science Foundation (BRIDGE Nos. 40B2-
0_203564), which does not necessarily endorse opinions, 
interpretations, and conclusions of the authors. The funders were not 
involved in the study design, collection, analysis, interpretation of 
data, the writing of this article, or the decision to submit it 
for publication.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The handling editor AT declared a past co-authorship with the 
author RB.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Generative AI statement

The authors declare that Gen AI was used in the creation of this 
manuscript. The authors acknowledge the use of generative artificial 
intelligence tools during the preparation of this manuscript. 
Specifically, Claude (Anthropic) was utilized to assist with ideation 
organization and preliminary editing of draft versions prior to 
collaborative review among co-authors. The AI tool was employed 
to help structure conceptual frameworks, improve clarity of 
scientific arguments, and enhance the overall coherence of the 
manuscript draft. All AI-generated content was subsequently 
reviewed, revised, and validated by the authors to ensure scientific 
accuracy and adherence to established research standards. The final 
intellectual content, scientific interpretations, methodological 
decisions, and conclusions remain entirely the responsibility of 
the authors.

https://doi.org/10.3389/fneur.2025.1704687
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Corre et al.� 10.3389/fneur.2025.1704687

Frontiers in Neurology 20 frontiersin.org

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fneur.2025.1704687/
full#supplementary-material

References
	1.	Agrawal Y, Ward BK, Minor LB. Vestibular dysfunction: prevalence, impact and 

need for targeted treatment. J Vestib Res Equilib Orientat. (2013) 23:113–7. doi: 
10.3233/VES-130498

	2.	Lucieer F, Vonk P, Guinand N, Stokroos R, Kingma H, van de Berg R. Bilateral 
vestibular hypofunction: insights in etiologies, clinical subtypes, and diagnostics. Front 
Neurol. (2016) 7:26. doi: 10.3389/fneur.2016.00026

	3.	Zingler VC, Cnyrim C, Jahn K, Weintz E, Fernbacher J, Frenzel C, et al. Causative 
factors and epidemiology of bilateral vestibulopathy in 255 patients. Ann Neurol. (2007) 
61:524–32. doi: 10.1002/ana.21105

	4.	Guinand N, Boselie F, Guyot J-P, Kingma H. Quality of life of patients with bilateral 
vestibulopathy. Ann Otol Rhinol Laryngol. (2012) 121:471–7. doi: 
10.1177/000348941212100708

	5.	Karabulut M, Viechtbauer W, Van Laer L, Mohamad A, Van Rompaey V, Guinand 
N, et al. Chronic unilateral vestibular hypofunction: insights into etiologies, clinical 
subtypes, diagnostics and quality of life. J Clin Med. (2024) 13:5381. doi: 
10.3390/jcm13185381

	6.	Guinand N, Pijnenburg M, Janssen M, Kingma H. Visual acuity while walking and 
oscillopsia severity in healthy subjects and patients with unilateral and bilateral 
vestibular function loss. Arch Otolaryngol Head Neck Surg. (2012) 138:301–6. doi: 
10.1001/archoto.2012.4

	7.	Brandt T, Schautzer F, Hamilton DA, Bruning R, Markowitsch HJ, Kalla R, et al. 
Vestibular loss causes hippocampal atrophy and impaired spatial memory in humans. 
Brain. (2005) 128:2732–41. doi: 10.1093/brain/awh617

	8.	Kremmyda O, Hufner K, Flanagin VL, Hamilton DA, Linn J, Strupp M, et al. 
Beyond dizziness: virtual navigation, spatial anxiety and hippocampal volume in 
bilateral Vestibulopathy. Front Hum Neurosci. (2016) 10:139. doi: 
10.3389/fnhum.2016.00139

	9.	Cronin T, Arshad Q, Seemungal BM. Vestibular deficits in neurodegenerative 
disorders: balance, dizziness, and spatial disorientation. Front Neurol. (2017) 8:538. doi: 
10.3389/fneur.2017.00538

	10.	Sprenger A, Wojak JF, Jandl NM, Helmchen C. Postural control in bilateral 
vestibular failure: its relation to visual, proprioceptive, vestibular, and cognitive input. 
Front Neurol. (2017) 8:444. doi: 10.3389/fneur.2017.00444

	11.	Chow MR, Ayiotis AI, Schoo DP, Gimmon Y, Lane KE, Morris BJ, et al. Posture, 
gait, quality of life, and hearing with a vestibular implant. N Engl J Med. (2021) 
384:521–32. doi: 10.1056/NEJMoa2020457

	12.	O'Neill DE, Gill-Body KM, Krebs DE. Posturography changes do not predict 
functional performance changes. Am J Otol. (1998) 19:797–803.

	13.	Iwasaki S, Yamasoba T. Dizziness and imbalance in the elderly: age-related decline 
in the vestibular system. Aging Dis. (2015) 6:38–47. doi: 10.14336/AD.2014.0128

	14.	Alyono JC. Vertigo and dizziness: understanding and managing fall risk. 
Otolaryngol Clin N Am. (2018) 51:725–40. doi: 10.1016/j.otc.2018.03.003

	15.	Ward BK, Agrawal Y, Hoffman HJ, Carey JP, Della Santina CC. Prevalence and 
impact of bilateral vestibular hypofunction: results from the 2008 United States National 
Health Interview Survey. JAMA Otolaryngol Head Neck Surg. (2013) 139:803–10. doi: 
10.1001/jamaoto.2013.3913

	16.	Horak FB, Mancini M. Objective biomarkers of balance and gait for Parkinson's 
disease using body-worn sensors. Mov Disord. (2013) 28:1544–51. doi: 
10.1002/mds.25684

	17.	Rovini E, Maremmani C, Cavallo F. How wearable sensors can support Parkinson's 
disease diagnosis and treatment: a systematic review. Front Neurosci. (2017) 11:555. doi: 
10.3389/fnins.2017.00555

	18.	Kamiński M, Kotas R, Tylman W, Janc M, Zamysłowska-Szmytke E, Józefowicz-
Korczyńska M. A method for detection of functional deficiencies due to unilateral 
vestibular impairment using the TUG test and IMU sensors. Sci Rep. (2025) 15:17440. 
doi: 10.1038/s41598-025-02350-y

	19.	Corre J, Cugnot J-F, Boutabla A, Cavuscens S, Ranieri M, Van De Berg R, et al. 
Postural impairments in unilateral and bilateral vestibulopathy. Front Neurol. (2024) 
15:1324868. doi: 10.3389/fneur.2024.1324868

	20.	Grouvel G, Boutabla A, Corre J, Revol R, Franco Carvalho M, Cavuscens S, et al. 
Full-body kinematics and head stabilisation strategies during walking in patients with 
chronic unilateral and bilateral vestibulopathy. Sci Rep. (2024) 14:11757. doi: 
10.1038/s41598-024-62335-1

	21.	Schniepp R, Schlick C, Schenkel F, Pradhan C, Jahn K, Brandt T, et al. Clinical and 
neurophysiological risk factors for falls in patients with bilateral vestibulopathy. J Neurol. 
(2017) 264:277–83. doi: 10.1007/s00415-016-8342-6

	22.	Herssens N, Saeys W, Vereeck L, Meijer K, Van De Berg R, Van Rompaey V, et al. 
An exploratory investigation on spatiotemporal parameters, margins of stability, and 
their interaction in bilateral vestibulopathy. Sci Rep. (2021) 11:6427. doi: 
10.1038/s41598-021-85870-7

	23.	McCrum C, Lucieer F, van de Berg R, Willems P, Pérez Fornos A, Guinand N, et al. 
The walking speed-dependency of gait variability in bilateral vestibulopathy and its 
association with clinical tests of vestibular function. Sci Rep. (2019) 9:18392. doi: 
10.1038/s41598-019-54605-0

	24.	Wuehr M, Schniepp R, Pradhan C, Ilmberger J, Strupp M, Brandt T, et al. 
Differential effects of absent visual feedback control on gait variability during different 
locomotion speeds. Exp Brain Res. (2013) 224:287–94. doi: 10.1007/s00221-012-3310-6

	25.	Wuehr M, Decker J, Schenkel F, Jahn K, Schniepp R. Impact on daily mobility and 
risk of falling in bilateral vestibulopathy. J Neurol. (2022) 269:5746–54. doi: 
10.1007/s00415-022-11043-9

	26.	Howcroft J, Kofman J, Lemaire ED. Review of fall risk assessment in geriatric 
populations using inertial sensors. J Neuro Eng Rehab. (2013) 10:91. doi: 
10.1186/1743-0003-10-91

	27.	Díaz S, Stephenson JB, Labrador MA. Use of wearable sensor technology in gait, 
balance, and range of motion analysis. Appl Sci. (2020) 10:234. doi: 10.3390/app10010234

	28.	Altomare D, Barkhof F, Caprioglio C, Collij LE, Scheltens P, Lopes Alves I, et al. 
Clinical effect of early vs late amyloid positron emission tomography in memory clinic 
patients. JAMA Neurol. (2023) 80:548–57. doi: 10.1001/jamaneurol.2023.0997

	29.	Mijovic T, Carriot J, Zeitouni A, Cullen KE. Head movements in patients with 
vestibular lesion: a novel approach to functional assessment in daily life setting. Otol 
Neurotol. (2014) 35:e348–57. doi: 10.1097/MAO.0000000000000608

	30.	Hüfner K, Hamilton DA, Kalla R, Stephan T, Glasauer S, Ma J, et al. Spatial 
memory and hippocampal volume in humans with unilateral vestibular deafferentation. 
Hippocampus. (2007) 17:471–85. doi: 10.1002/hipo.20283

	31.	Strupp M, Kim JS, Murofushi T, Straumann D, Jen JC, Rosengren SM, et al. 
Bilateral vestibulopathy: diagnostic criteria consensus document of the classification 
committee of the Barany society. J Vestib Res. (2017) 27:177–89. doi: 10.3233/VES-170619

	32.	Yardley L, Donovan-Hall M, Smith HE, Walsh BM, Mullee M, Bronstein AM. 
Effectiveness of primary care–based vestibular rehabilitation for chronic dizziness. Ann 
Intern Med. (2004) 141:598–605. doi: 10.7326/0003-4819-141-8-200410190-00007

	33.	Bevilacqua G, Biancalana V, Carucci M, Cecchi R, Chessa P, Donniacuo A, et al. 
A wearable wireless magnetic eye-tracker, in-vitro and in-vivo tests. IEEE Trans Biomed 
Eng. (2023) 70:3373–80. doi: 10.1109/TBME.2023.3286424

	34.	Grouvel G, Boutabla A, Corre J, Bechet R, Cavuscens S, Ranieri M, et al. 
Assessment of dynamic stability and identification of key tasks and parameters in 
patients with unilateral and bilateral vestibulopathy: a laboratory-based study. Front 
Neurosci. (2025) 19:1624948. doi: 10.3389/fnins.2025.1624948

	35.	Faul F, Erdfelder E, Lang A-G, Buchner A. G*power 3: a flexible statistical power 
analysis program for the social, behavioral, and biomedical sciences. Behav Res Methods. 
(2007) 39:175–91. doi: 10.3758/BF03193146

	36.	Ferrari L, Bochicchio G, Bottari A, Scarton A, Lucertini F, Pogliaghi S. Construct 
validity of a wearable inertial measurement unit (IMU) in measuring postural sway and 

https://doi.org/10.3389/fneur.2025.1704687
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2025.1704687/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2025.1704687/full#supplementary-material
https://doi.org/10.3233/VES-130498
https://doi.org/10.3389/fneur.2016.00026
https://doi.org/10.1002/ana.21105
https://doi.org/10.1177/000348941212100708
https://doi.org/10.3390/jcm13185381
https://doi.org/10.1001/archoto.2012.4
https://doi.org/10.1093/brain/awh617
https://doi.org/10.3389/fnhum.2016.00139
https://doi.org/10.3389/fneur.2017.00538
https://doi.org/10.3389/fneur.2017.00444
https://doi.org/10.1056/NEJMoa2020457
https://doi.org/10.14336/AD.2014.0128
https://doi.org/10.1016/j.otc.2018.03.003
https://doi.org/10.1001/jamaoto.2013.3913
https://doi.org/10.1002/mds.25684
https://doi.org/10.3389/fnins.2017.00555
https://doi.org/10.1038/s41598-025-02350-y
https://doi.org/10.3389/fneur.2024.1324868
https://doi.org/10.1038/s41598-024-62335-1
https://doi.org/10.1007/s00415-016-8342-6
https://doi.org/10.1038/s41598-021-85870-7
https://doi.org/10.1038/s41598-019-54605-0
https://doi.org/10.1007/s00221-012-3310-6
https://doi.org/10.1007/s00415-022-11043-9
https://doi.org/10.1186/1743-0003-10-91
https://doi.org/10.3390/app10010234
https://doi.org/10.1001/jamaneurol.2023.0997
https://doi.org/10.1097/MAO.0000000000000608
https://doi.org/10.1002/hipo.20283
https://doi.org/10.3233/VES-170619
https://doi.org/10.7326/0003-4819-141-8-200410190-00007
https://doi.org/10.1109/TBME.2023.3286424
https://doi.org/10.3389/fnins.2025.1624948
https://doi.org/10.3758/BF03193146


Corre et al.� 10.3389/fneur.2025.1704687

Frontiers in Neurology 21 frontiersin.org

the effect of visual deprivation in healthy older adults. Biosensors. (2024) 14:529. doi: 
10.3390/bios14110529

	37.	Boutabla A, Revol R, Carvalho MF, Grouvel G, Corre J, Cugnot J-F, et al. Gait 
impairments in patients with bilateral vestibulopathy and chronic unilateral 
vestibulopathy. Front Neurol. (2025) 16:1547444. doi: 10.3389/fneur.2025.1547444

	38.	Jabri S, Carender W, Wiens J, Sienko KH. Automatic ML-based vestibular gait 
classification: examining the effects of IMU placement and gait task selection. J Neuroeng 
Rehabil. (2022) 19:132. doi: 10.1186/s12984-022-01099-z

	39.	Foulger LH, Charlton JM, Blouin J-S. Real-world characterization of vestibular 
contributions during locomotion. Front Hum Neurosci. (2024) 17:1329097. doi: 
10.3389/fnhum.2023.1329097

	40.	Hooge ITC, Niehorster DC, Hessels RS, Benjamins JS, Nyström M. How robust 
are wearable eye trackers to slow and fast head and body movements? Behav Res 
Methods. (2023) 55:4128–42. doi: 10.3758/s13428-022-02010-3

	41.	Kothari R, Yang Z, Kanan C, Bailey R, Pelz JB, Diaz GJ. Gaze-in-wild: a dataset for 
studying eye and head coordination in everyday activities. Sci Rep. (2020) 10:2539. doi: 
10.1038/s41598-020-59251-5

	42.	Cohen HS, Kimball KT. Development of the vestibular disorders activities of daily 
living scale. Arch Otolaryngol Head Neck Surg. (2000) 126:881–7. doi: 
10.1001/archotol.126.7.881

	43.	Jacobson GP, Newman CW. The development of the dizziness handicap inventory. 
Arch Otolaryngol. (1990) 116:424–7. doi: 10.1001/archotol.1990.01870040046011

	44.	Braun BJ, Veith NT, Hell R, Döbele S, Roland M, Rollmann M, et al. Validation 
and reliability testing of a new, fully integrated gait analysis insole. J Foot Ankle Res. 
(2015) 8:54. doi: 10.1186/s13047-015-0111-8

	45.	Renner KE, Williams DB, Queen RM. The reliability and validity of the Loadsol® 
under various walking and running conditions. Sensors. (2019) 19:265. doi: 
10.3390/s19020265

	46.	Seiberl W, Jensen E, Merker J, Leitel M, Schwirtz A. Accuracy and precision of loadsol® 
insole force-sensors for the quantification of ground reaction force-based biomechanical 
running parameters. Eur J Sport Sci. (2018) 18:1100–9. doi: 10.1080/17461391.2018.1477993

	47.	Stöggl T, Martiner A. Validation of Moticon’s OpenGo sensor insoles during gait, 
jumps, balance and cross-country skiing specific imitation movements. J Sports Sci. 
(2017) 35:196–206. doi: 10.1080/02640414.2016.1161205

	48.	Wrisley DM, Marchetti GF, Kuharsky DK, Whitney SL. Reliability, internal 
consistency, and validity of data obtained with the functional gait assessment. Phys Ther. 
(2004) 84:906–18. doi: 10.1093/ptj/84.10.906

	49.	Berg KO, Wood-Dauphinee SL, Williams JI, Maki B. Measuring balance in the 
elderly: validation of an instrument. Can J Public Health. (1992) 83:S7–S11.

	50.	Tinetti ME. Performance-oriented assessment of mobility problems in elderly 
patients. J Am Geriatr Soc. (1986) 34:119–26. doi: 10.1111/j.1532-5415.1986.tb05480.x

	51.	Meldrum D, Kearney H, Hutchinson S, McCarthy S, Quinn G. Wearable sensor 
and smartphone assisted vestibular physical therapy for multiple sclerosis: usability and 
outcomes. Front Rehabil Sci. (2024) 5:1406926. doi: 10.3389/fresc.2024.1406926

	52.	van Boxel SCJ, Vermorken BL, Volpe B, Guinand N, Perez-Fornos A, Devocht EMJ, 
et al. The vestibular implant: effects of stimulation parameters on the electrically-evoked 
vestibulo-ocular reflex. Front Neurol. (2024) 15:1483067. doi: 10.3389/fneur.2024.1483067

	53.	Ramos-de-Miguel Á, Sluydts M, Falcón JC, Manrique-Huarte R, Rodriguez I, 
Zarowski A, et al. Enhancing balance and auditory function in bilateral vestibulopathy 
through otolithic vestibular stimulation: insights from a pilot study on cochlea-vestibular 
implant efficacy. Front Neurol. (2025) 16:1520554. doi: 10.3389/fneur.2025.1520554

	54.	Guinand N, Berg R, Cavuscens S, Stokroos RJ, Ranieri M, Pelizzone M, et al. 
Vestibular implants: 8 years of experience with electrical stimulation of the vestibular 
nerve in 11 patients with bilateral vestibular loss. ORL. (2015) 77:227–40. doi: 
10.1159/000433554

	55.	Tramontano M, Haijoub S, Lacour M, Manzari L. Updated views on vestibular 
physical therapy for patients with vestibular disorders. Healthcare. (2025) 13:492. doi: 
10.3390/healthcare13050492

	56.	Danilov YP, Tyler ME, Skinner KL, Hogle RA, Bach-y-Rita P. Efficacy of 
electrotactile vestibular substitution in patients with peripheral and central vestibular 
loss. J vestib Res. (2007) 17:119–30. doi: 10.3233/VES-2007-172-307

	57.	Sadeghi SG, Minor LB, Cullen KE. Neural correlates of sensory substitution in 
vestibular pathways following complete vestibular loss. J Neurosci. (2012) 32:14685–95. 
doi: 10.1523/JNEUROSCI.2493-12.2012

	58.	Emptoz A, Michel V, Lelli A, Akil O. Boutet de Monvel J, Lahlou G, et al. local gene 
therapy durably restores vestibular function in a mouse model of usher syndrome type 
1G. Proc Natl Acad Sci. (2017) 114:9695–700. doi: 10.1073/pnas.1708894114

	59.	Pavlou M, Lingeswaran A, Davies RA, Gresty MA, Bronstein AM. Simulator based 
rehabilitation in refractory dizziness. J Neurol. (2004) 251:983–95. doi: 
10.1007/s00415-004-0476-2

	60.	Schubert MC, Migliaccio AA, Della Santina CC. Dynamic visual acuity during 
passive head thrusts in canal Planes. J Assoc Res Otolaryngol. (2006) 7:329–38. doi: 
10.1007/s10162-006-0047-6

	61.	Lucieer FMP, Van Hecke R, Van Stiphout L, Duijn S, Perez-Fornos A, Guinand N, 
et al. Bilateral vestibulopathy: beyond imbalance and oscillopsia. J Neurol. (2020) 
267:241–55. doi: 10.1007/s00415-020-10243-5

	62.	Powell G, Derry-Sumner H, Shelton K, Rushton S, Hedge C, Rajenderkumar D, 
et al. Visually-induced dizziness is associated with sensitivity and avoidance across all 
senses. J Neurol. (2020) 267:2260–71. doi: 10.1007/s00415-020-09817-0

	63.	Lubetzky AV, Cosetti M, Harel D, Sherrod M, Wang Z, Roginska A, et al. Real 
sounds influence postural stability in people with vestibular loss but not in healthy 
controls. PLoS One. (2025) 20:e0317955. doi: 10.1371/journal.pone.0317955

	64.	Madrigal J, Manzari L, Figueroa JJ, Castillo-Bustamante M. Understanding benign 
paroxysmal positional Vertigo (BPPV) and its impact on quality of life: a systematic 
review. Cureus. (2024) 16:e63039. doi: 10.7759/cureus.63039

	65.	Smith LJ, Pyke W, Fowler R, Matthes B, de Goederen E, Surenthiran S. Impact and 
experiences of vestibular disorders and psychological distress: qualitative findings from 
patients, family members and healthcare professionals. Health Expect. (2024) 27:e13906. 
doi: 10.1111/hex.13906

	66.	Ware JE, Kosinksi M, Keller, SD SF-36 Physical and Mental Health Summary 
Scales: A User’s Manual. Boston, MA: Health Assessment Lab (1994).

	67.	Roser K, Mader L, Baenziger J, Sommer G, Kuehni CE, Michel G. Health-related 
quality of life in Switzerland: normative data for the SF-36v2 questionnaire. Quality of 
life research : an International Journal of Quality of Life Aspects of Treatment, Care and 
Rehabilitation, (2019) 28, 1963–1977. doi: 10.1007/s11136-019-02161-5

https://doi.org/10.3389/fneur.2025.1704687
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.3390/bios14110529
https://doi.org/10.3389/fneur.2025.1547444
https://doi.org/10.1186/s12984-022-01099-z
https://doi.org/10.3389/fnhum.2023.1329097
https://doi.org/10.3758/s13428-022-02010-3
https://doi.org/10.1038/s41598-020-59251-5
https://doi.org/10.1001/archotol.126.7.881
https://doi.org/10.1001/archotol.1990.01870040046011
https://doi.org/10.1186/s13047-015-0111-8
https://doi.org/10.3390/s19020265
https://doi.org/10.1080/17461391.2018.1477993
https://doi.org/10.1080/02640414.2016.1161205
https://doi.org/10.1093/ptj/84.10.906
https://doi.org/10.1111/j.1532-5415.1986.tb05480.x
https://doi.org/10.3389/fresc.2024.1406926
https://doi.org/10.3389/fneur.2024.1483067
https://doi.org/10.3389/fneur.2025.1520554
https://doi.org/10.1159/000433554
https://doi.org/10.3390/healthcare13050492
https://doi.org/10.3233/VES-2007-172-307
https://doi.org/10.1523/JNEUROSCI.2493-12.2012
https://doi.org/10.1073/pnas.1708894114
https://doi.org/10.1007/s00415-004-0476-2
https://doi.org/10.1007/s10162-006-0047-6
https://doi.org/10.1007/s00415-020-10243-5
https://doi.org/10.1007/s00415-020-09817-0
https://doi.org/10.1371/journal.pone.0317955
https://doi.org/10.7759/cureus.63039
https://doi.org/10.1111/hex.13906
https://doi.org/10.1007/s11136-019-02161-5

	Protocol for assessing functional impairments in patients with unilateral and bilateral vestibulopathy: a novel approach to evaluate the impact of vestibular loss in daily life setting
	Introduction
	Background
	Prior work
	Laboratory-based studies of functional impairments in vestibulopathy
	Studies in realistic settings
	Sensor technologies tested and gaps in current approaches
	Scientific gaps addressed and clinical relevance
	Task-set selection
	Choice of the environment
	Pilot tests with patients and control subjects
	Aim

	Methods
	Study design
	Participants
	Sample size
	Data collection
	Task description
	Procedure
	Task completion and data classification
	Materials and parameters
	IMUs
	Eye-tracking
	Foot pressure insoles
	Video recordings
	Questionnaires
	Additional clinical and lifestyle information
	Data analysis
	Intended data analysis
	Analytical approach overview
	Results
	Demographic and clinical characteristics
	Task completion and functional limitations
	Technical data availability

	Discussion
	Participant characterization and group matching
	Conceptual framework and rationale
	Technical and practical implementation
	Strengths and potential applications
	Limitations and considerations
	Future directions

	Conclusion

	References

